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ABSTRACT
The mechanism of intergranular stress-corrosion 
cracking of a high purity iron in nitrate solutions 
(nitrate cracking) has been investigated. The work 
considers the role of the nitrate ion in promoting this 
attack in an inherentlysoeceptible material, and inc­
orporates a study of corrosion in unstressed specimens, 
and the influence on stress-corrosion behaviour of var­
ious environmental parameters including cation, temperature, 
and concentration, as well as-the effects of applied 
potential and additional ions.
Metallurgical aspects are considered by comparing 
the stress-corrosion behaviour of high purity iron with 
two pure iron-based alloys - Fe/1 wt% Mn, which can be 
made resistant or susceptible according to heat treatment, 
and Fe/1 wt% Cr, which is totally immune.
It is shown that, for cracking to occur, a critical 
combination of environmental and metallurgical factors 
must be present. The specimen life is divided into 
three stages; (i) incubation period, (ii) crack initiation 
period, (iii) crack propagation period. Stage (i) is 
connected with the formation of a partially protective 
oxide film on the specimen surface, and its brittle 
fracture coincident with a sensitive grain boundary owing 
to the yielding of the specimen under the conditions of 
the test. Stage (ii) concerns the formation of an 
”embryoM crack which propagates in stage (iii) by a cyclic 
sequence of electrochemical (yield-assisted dissolution) 
and mechanical (brittle fracture) stages.
Tests under applied anodic potential correlate well 
with isolated tests for the various materials and suggest 
that a grain boundary must be inherently subject to 
electrochemical attack in order to provide the conditions 
for stress-corrosion crack propagation. Furthermore, 
tests under applied potential might provide a suitable 
alternative test for nitrate cracking using unstressed 
specimens. Finally, suggestions for future work, and the 
prevention of nitrate cracking are made.
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1. GENERAL INTRODUCTION
1.1. The Stress-Corrosion System
’’Nitrate cracking” is the term given to the stress-
corrosion cracking (s.c.c.) of iron and low carbon steels
in hot nitrate solutions. Phenomenologically, s.c.c. is
a mechanism of fracture which operates when a metal in
which the surface layers are in a state of sustained
tensile stress is subjected to critical environmental
factors. S.c.c. is typified by the metal remaining
undamaged when either of the sole contributory factors,
tensile stress and specific environment, is absent.
The problem is of a vastly complex nature; many alloys
have each been found to stress-corrode in only a few
highly specific media, the various combinations being
known as stress-corrosion systems - well known examples
(1)of which are given in Table 1.1. v . However, it is 
becoming increasingly apparent that a stress-corrosion 
system should be defined almost down to the exact 
composition (and perhaps even temperature) of the 
environment and detailed physical metallurgy of the 
specimen.
S.c.c. was recognised in brass as early as 1906,
being termed ’’season cracking" As more service
failures have been diagnosed as s.c.c., a great effort
has been put into seeking methods for its mitigation
based on an establishment of the mechanisms involved.
Several important symposia have been arranged ^ ’^ ’-^and
( 1 6  7)reviews published v J. Thus over the last twenty-
five years several attempts have been made to offer a 
’’plenary understanding" of the phenomenon in all its 
guises, although quite often each theory has been based 
on observations relating to a single system.
Any generalised theory must stand up to an 
established collection of experimental observations which 
have been found to be common to most s.c.c. systems; so
far none has. These observations, to be discussed in
detail later, are as follows
1• A tensile stress must be present at least 
during some stage of immersion for s.c.c. to occur. 
Regarding its magnitude, threshold stresses (below 
which no cracking arises) are sometimes reported, and 
these may be below the elastic limit.
2. Most metals undergo s.c.c. in only a few 
specific environments containing a critical anion.
3. Stress-corrosion cracks follow either intergranular 
or transgranular paths, macroscopically normal to the 
direction of the applied stress, and generally there is 
very little simultaneous uniform corrosion.
4. Fracture occurs in normally ductile materials in
an apparently brittle fashion. The overall crack 
propagation rate is much slower than true brittle 
fracture though much faster than normal electrochemical
netration, e.g. 0 .0 5“1«0 cm/hr for stainless steels
3. Very pure metals are inherently immune to s.c.c.
However, degrees of purity must be specified bearing in
(11)mind that Long v ' obtained cracking in high purity iron 
(2 0  ppm interstitial carbon and nitrogen) in under one 
hour in boiling nitrate solution, and that only 
0 .0 0 phosphorus can render copper susceptible to 
s.c.c.
6 . Cathodic polarisation generally prevents s.c.c. and 
'opagating cracks, which restart on its
7. Metallurgical variables including composition, heat 
treatment, cold work and grain size have a marked effect 
on s.c.c. propensity.
, 1 0).
removal v ^ . Anodic polarisation generally stimulates 
and accelerates cracking
8 . Changes in environmental parameters produce a
marked effect on s.c.c. behaviour, e.g. 24% NaNO-,
inhibits s.c.c. of stainless steel in MgClg 'whereas
the chloride ion strongly inhibits the nitrate cracking
( 1 7 )of low carbon steel ' ''.
1.2. The Generalised Theories of S.C.C.
1.2.1. Introduction
.Amongst the generalised theories, diversity of 
opinion has basically concerned the relative importance 
placed on strain, with its associated physical and 
metallurgical effects, and electrochemistry in promoting 
crack propagation. This has led to the popular but 
possibly too rigorous electrochemical and "periodic 
electrochemical-mechanical" divisions of s.c.c. theories. 
A satisfactory grouping may also be made by considering 
those theories proposing continuous crack propagation and 
those proposing discontinuous cracking.
1.2.2. Continuous Crack Propagation
Many s.c.c. systems are capable of electrochemical
control, an example being the effect of cathodic
protection in stopping cracks in their paths. In view of
this, theories such as that offered by Dix and co-workers 
(18 19)have emerged- * y . They proposed that there must 
exist in a material a "continuous susceptible path", 
namely a grain boundary precipitate, that is anodic to 
the bulk thus allowing selective corrosion. Crack 
propagation is smooth because the applied stress 
continuously stretches the damaged metal in these paths 
and allows fresh ingress of corrodent. Amongst workers 
who have developed this basic idea, Uhlig, White and 
Lincoln suggested that plastic deformation ahead of
the crack tip induces precipitation thereby producing a 
continuous path for galvanic attack and transgranular
(? 1)crack propagation in Cr-Ni steels. Waber and McDonald' '
('22')and, later, Parkins v ' attributed s.c.c. of mild steels 
to selective attack along grain boundary precipitates. 
Graf  ^ "  developed a similar theory for the inter- 
granular corrosion of Cu-Au and Ag-Au alloys.
Where an inherently susceptible path exists in the 
metal, the growth of a crack might be considered to be 
due to a smooth electrochemical process involving a 
dynamic corrosion couple with low polarisation 
electrodes creating a high current. The undamaged metal 
(and later the crack walls) are large area cathodes 
whereas the crack tip behaves almost as a non-polarisable 
anode in spite of its small area owing to tensile stress/ 
strain continuously providing high energy sites for 
attack (Pigure 1.1).
This mechanism of propagation was developed by 
Hoar and Hines and Hoar and West ( ^ 5 )  -^0 eXp iain
the transgranular cracking of austenitic 18/8 stainless 
steels, and much later by Hoar and Galvele ( ^ 6 )
(O')
account for nitrate cracking. West w ' took this model 
further by demonstrating that concentration polarisation 
would be prevented by the capilliary attraction of fresh 
corrodent to the crack tip during yielding. As a 
generalised theory, the "mechano-chemical" theory, as it 
is known, may have a wide application whether attack is 
intergranular or transgranular, although there remains 
the gross difficulty in defining the nature of the 
susceptible path in individual systems. However, for a 
suitable path, there are several experimental 
observations which are inconsistent with simple galvanic 
propagation - namely, the lack of s.c.c. potency of many 
solutions of equivalent electrical conductivity, and the 
inhibiting effect of certain anions.
Such obvious shortcomings probably led to the 
propositions of Logan and co-workers who place 
importance on the film-forming ability of the corrodent
in promoting intergranular and transgranular crack
(27')propagation. It was discovered v ( J through potential
measurements in notched specimens that rupturing
surface films on specimens of brass, mild steel and
austenitic 18/8 steel immersed in various solutions
produced a large anodic change in corrosion potential
(’27')ranging from 200 to 700mV. Logan v ( J proposed that the 
potential difference between oxide-covered crack sides 
and continuously exposed metal at the tip is the driving 
force for propagation and is acceptable as a general 
mechanism. Although this theory requires elaboration, in 
its favour is that the specificity of the environment (in 
terms of a critical film-forming ability) has been 
considered.
1.2.3* Discontinuous Crack Propagation
The second major group of proposed mechanisms 
initiated by Keating  ^ ' and Evans  ^ are based on
the surmise that, after initial "stress-raiser" 
formation on the metal surface, essentially brittle 
cracks propagate by a predominately mechanical process 
along particular paths with periodic interruptions by a 
rate-controlling corrosion of "bridges". Keating 
proposed that these chemical stages formed "crack 
nucleating notches". This is possibly an over­
simplification as many corrodents are able to pit a 
stressed metal surface and create stress-raisers without 
provoking subsequent cracking. Bakish and Robertson 
were able to corroborate the work of Keating by 
demonstrating that removal of the environment from the 
cracked metal produced ductile tearing upon further 
extension, concluding that, during s.c.c., brittle 
fractures were nucleated by chemical dissolution of sites 
of heavy, complex plastic deformation. Robertson (51) 
regarded the brittle fracture stage as the result of 
reduction in crack surface energy in accordance with a
Stroli-type mechanism "by the release of "chemical energy" 
during corrosion.
In a further development of the theory, Edeleanu 
and Eorty w  from work on alpha brass, proposed
that susceptible materials show restricted slip around the 
crack tip. Further mechanical propagation through the 
corroded and embrittled zone ahead of a crack halted at a 
slip plane achieves a critical velocity into the 
uncorroded material inhere dislocation movement is too 
sluggish to absorb the energy of the crack.
1.2.4. Stress-Sorption Cracking
This approach to s.c.c., which claims to be the
closest yet to a generalised theory, was introduced by 
( 34)Uhlig in 1959 • Cracking is said to proceed not by
chemical or electrochemical removal of metal at the crack 
tip, but by a weakening of metal atomic bonds at the 
deforming crack root-due to chemisorption of a particular 
species from the s.c.c. environment. This "stress- 
sorption" mechanism has also been proposed by Coleman et
(55')
al for liquid metal embrittlement on the basis of
( -tcl y
Langmuirfs ^  J demonstration that only a monolayer of
adsorbate is necessary to decrease metal surface atomic
affinities for themselves or their environment.
( x n \
Westwood and Kendar suggested that the elastic
strain in the vicinity of the tip brings about chemi­
sorption either by supplying activation energy or 
"producing atomic geometric configurations which allow 
electronic interaction". Propagation by this theory is 
related to a Griffiths criterion and is in a brittle 
fashion analagous to the Fetch mechanism for hydrogen 
cracking ^  . The speed of cracking would be expected
to increase with applied stress and anion concentration 
(as observed).
Stress-sorption is said to explain all of the 
important common s.c.c. observations, but these views seem
largely conjectural. The chemisorption bond being
specific accordingly accounts for the high specificity
of the environment, though experimental corroborative
evidence is difficult to obtain. Cathodic protection, by
giving a more negative charge to the metal, would tend to
reduce the strength of the electrical chemisorption bond-
anodic polarisation having the converse effect. Assuming
chemisorption takes place on sites such as emergent slip
planes and dislocations at the crack tip rather than
generally on the metal surface, the presence of solute
atoms associated with emergent defects would pin defects
long enough for the chemisorption bond to be established;
this is put forward as a tentative explanation for the
immunity of pure metals and the susceptibility of metals
(39 40^with only minute alloying additions
Discounting normal galvanic corrosion cells which may be 
set up in a wide range of solutions of comparable ionic 
activity, Uhlig (59) pr0p0ses that the only need for 
electrochemistry is possibly in the creation of complex 
chemisorbed species.
1.2.5* Dislocation Arrays and S.C.C.
Through the use of thin film electronmicroscopy it 
has been established in many systems that a definite 
relationship exists between the (FOG) defect structure 
and transgranular s.c.c. although there is considerable 
argument as to the exact significance of dislocations in 
the mechanism. Recent observations have shown that 
cracking is related to the pile-up of dislocations at 
barriers such as grain boundaries or precipitates. It 
also appears that critical planar arrays of imper­
fections depending on stacking fault energy and incidence 
of short range ordering in the metal are necessary for 
crack propagation.
Swann and Rutting (Z^  found preferential attack 
along stacking faults in brass and aluminium foils.
Swann and Thomas et al suggested that the
dependance of susceptibility on the incidence of short- 
range ordering is because dislocation movement along 
active slip planes destroys the order and creates 
antiphase boundaries, thus allowing subsequent easier 
dislocation motion and leaving these planes open to 
anodic attack. Also, change of dislocation substructure 
in austenitic stainless steels from planar to cellular
(4-3)arrays by increased Hi addition reduces susceptibility^ .
Work along these lines has proved useful in 
explaining certain failures in PCC alloys, but so far 
similar research in BCC systems - especially low carbon 
steel nitrate cracking-has not been entirely successful 
although it is worth noting that Plis and Scully 
have recently been able to show from electron-photo- 
micrographs of mild steel foils immersed in 5N 
that in this system, dislocations, even with segregated 
interstitials, undergo no preferential attack.
1-2.6. Hydrogen Embrittlement 
( 33 )Petch J argued that adsorption of hydrogen into 
crack nuclei could lower the fracture stress and therefore 
offer an explanation for the embrittlement of iron. Many 
believe s.c.c. to be merely a particular manifestation of 
hydrogen embrittlement.
Although much circumstantial evidence in certain
transgranular failures, namely high strength steels in
natural brines containing points to s.c.c.,
these failures are better described as"hydrogen cracking1'
or"hydrogen-stress cracking" It is now also thought 
(39)likely that transgranular fractures in mild steel
exposed to cyanides are examples of"hydrogen cracking"
When in doubt, the effect of catalyst poisons and 
cathodic protection can be used to distinguish this
mode of failure. An augmenting role of hydrogen should 
not be ruled out during an investigation but hydrogen 
embrittlement alone is unacceptable as a general solution.
2. THE NATURE AND SIGNIFICANCE OF THE INDUCTION
PERIOD IN THE S.C.C. MECHANISM
2.1. Introduction
A period after immersion in which no cracking 
(propagation) is observed by optical, potential or other 
measurements exists in most s.c.c. systems, and is 
generally found to be of long duration compared to the 
time taken for crack propagation up to final fracture. 
Before extensive penetration can begin, many important 
reactions may have to occur at the metal/solution 
interface in order to critically "condition" both the 
(susceptible) metal surface and the environment; stress 
may not even be necessary at this time. The reactions 
of the induction period are difficult to isolate 
experimentally, but the collection of data leading to an 
understanding of its nature is an essential stage in a 
s.c.c. study.
An early paper of Hoar and Hines reported that
stressed wire specimens of austenitic stainless steel in 
boiling 42%MgCl2 exhibited a long induction period prior 
to crack initiation, and the total exposure period to 
failure (T^) was only affected to a minor extent whether 
or not the specimen was stressed during the early stages 
of the specimen life. Barnartt and Van Rooyen 
reported similar findings and Van Rooyen stated
that the effect of minor alloying additions which 
reduced T^ was in reducing the time required for crack 
initiation, since, once a crack had started, the 
subsequent life was similar in a wide range of alloys; 
this illustrates the importance of surface metallurgy in 
the induction period.
Most induction time observations have been based on 
potential/time curves having the characteristic shape 
depicted in Figure 2.1 initial slow rise in
potential is probably due to repair of the air-formed 
oxide film as pores are plugged by corrosion product and
a fresh film is built up. Later, at B, when growth
ceases, a slow fall may occur due to film breakdown and
(24')incipient corrosion  ^ '. In alloys which do not crack
no further deflections of potential occur . Hoar 
and Hines further surmised that, at point C, cracking
is initiated resulting in the rapid potential fall with 
serious weakening of the specimen due to exposure of fresh 
metal, finally leading to failure at D.
Van Rooyen found no evidence of cracking before
the potential drop at B. More recently, Hines 
reported fine cracks developing between B and C, opening 
up at C. Gilbert and Hadden ^0) s]20wea sudden 
potential falls in period AB, attributing them to the 
breakdown of brittle oxide by creep of the underlying 
metal, and period BG represented a region of active 
cracking.
2.2. The Induction Period in the Low Carbon
Steel/Uitrate System
Similar work has been carried out with mild steels 
in boiling nitrate solutions. Engell and Baumel 
exposed some unstressed rods to the boiling solution for 
various times prior to loading, finding that pre­
treatment up to 48 hours produced no significant change 
in the T^ of about 2 hours. Long, however, reduced
the s.c.c. life of an Re/ 1  wt% Mn alloy in boiling 
60%Ca(H0 ^ )2 + 3%UH^1\F0^ from 10 hours to 2 .2  hours by 
unstressed immersion at room temperature for 15 hours 
prior to loading. Using as the reference electrode an 
unstressed specimen of equal composition previously 
immersed to establish a “stableM surface condition, Long 
obtained potentiomctric traces for various susceptible 
alloys in the boiling calcium-ammonium nitrate mixture 
(Figure 2.2). The traces were divided into three 
stages
(a) Rapid cathodic change accompanied by marked 
potential fluctuation about a mean path: this lasted for 
2 hours with Fe/1Mn specimens. More susceptible alloys 
cracked during this period.
(b) Lessening of potential instability and a slow 
cathodic drift: during this period, which lasted up to 
fracture, there were occasional sharp potential kicks in 
the anodic direction.
(c) Fracture: in most alloys this was accompanied by a 
sharp anodic deflection of up to 100mV.
Pre-test conditioning of the Fe/1Mn alloy without 
stress was seen from potentiometric traces to have 
eliminated or encompassed the initial fluctuation period 
and part of the steady potential region.
Further experiments showed the initial fluctuation
to be due to the boiling action of the environment and
not essential to "metal conditioning". A picture of the
incubation period was then built up as being a period
during which "a suitable grain boundary is introduced to
the environment to trigger off the cracking process".
( 51)Gheradi et al ' produced curves somewhat similar to 
Figure 2.2. in boiling 50% using mild steel under
elastic torsional stress, and attributed a series of 
rapid potential kicks prior to stage (b) to "ruptures of 
oxide scale produced during heat treatment".
It appears that perhaps too much is read into sudden
potential fluctuations such as those following C in
Figure 2.1. or during (b) in Figure 2.2. in conditions
where the experimental technique is not strictly
controlled. For example, the iron reference electrode 
(11)used by Long v ' could not be expected to show a 
constant and non-fluctuating potential (against calomel), 
and was therefore inappropriate for this kind of study. 
Furthermore, in boiling solutions, cavitational effects 
on surface film formation and local concentration changes
are not conducive to steady potential measurements even 
in unstressed specimens. Finally, it is often forgotten 
that macroscopic propagation of a single crack is 
generally the summation of several individual cracking 
fronts (and p.ds.).
Various views exist concerning the location of
initial sites for attack on the metal surface during
the induction period, but most consider the importance
of passivation (or film-formation) phenomena. Parkins
(52)and Usher w  ' stated that the question of crack
initiation seemed to be "intimately concerned with the
nature of the original surface film and the amount of
bare metal exposed to the electrolyte”. They attributed
the appreciable delay before grain boundary attack of
mild steel in hot nitrates to breakdown of the air-
formed tarnish at discontinuities. Thickening of the
tarnish by pre-immersion in a non-s.c.c. environment
lengthened the period before crack initiation. It was
proposed that, after film undermining, the inherently
anodic grain boundaries suffer preferential attack
leading to the formation of shallow trenches - the oxide
film maintaining the cathodic processes. This period is
distinguished from later crack propagation. In the
absence of stress such propagation ceases, possibly due
(53')to blockage by corrosion products . Henthorne and 
( 54)Parkins y noted a period prior to crack propagation in 
which fine cracks were produced which was distinct from 
that where continuous yaxvning of these embryo cracks 
occurred.
It is informative to compare work on crack
initiation in austenitic stainless steels. Hoar and 
(24)Hines ' J originally assumed that cracks formed only 
after local film breakdown had occurred. Specimens with 
heat-induced air films showed ihduction times proportional 
to the thickness of the film; thus, removal of the air- 
formed film abolished the induction period entirely.
( *35")Uhlig and Sava removed stressed 25/20 stainless
steel specimens from the boiling 4-2% MgC^ environment 
and pickled them. On reimmersion, the overall T^ was 
the same as for non-pickled specimens. The total T^ vs 
pre-immersion time curve could be superimposed on that 
for pre-immersion in air at the same temperature. They 
concluded that oxide or passivating films were of no 
significance and that the induction time was a period of 
mechanical conditioning whereby only the length of 
exposure to 154-°0 could alter it by an aging process 
involving nitrogen segregation at dislocations to form 
crack-sensitive paths.
In terms of the stress-sorption theory of Uhlig, the 
induction time could be interpreted as that time required 
for the formation of a critical species based on a metal 
corrosion product. There is also the possibility that a 
conditioning period might be required for dissolution of 
interfering oxide in the crack prior to chemisorption. 
However it is not easy to see why stress should be 
necessary during the induction period by this theory 
unless it is in aiding the initial chemisorption step by 
film rupture in an "embryo" crack.
One might reasonably assume from the above work that 
the effects of such environmental parameters as pH, 
extraneous ions, and temperature on the overall s.c.c. 
behaviour (T^) could be mainly due to modification of the 
crack initiation period. If the views of Parkins, Hoar 
and Hines, and Logan are correct, it might be possible to 
condition a metal in an environment not capable of allow­
ing propagation of cracks but capable of performing a 
critical initiation mechanism on the metal surface.
Whether or not the chemical and electrochemical processes 
of the induction period are repeated during crack prop­
agation is not yet fully known. It is clear that s.c.c. 
resistance may be induced by extending the induction
period but a less metastable resistance or "immunity" only 
holds for a metal possessing no susceptible path for
propagation.
3. THE INTERGRAHULAR S.C.C. Off LOW CARBON STEELS
3 * ^ °  Introduction
The preferential attack on grain boundaries by- 
specific corrodents is made use of in metallography.
This inherent anodic behaviour with respect to the 
grains is due both to the transitional nature of the 
lattice and chemical differences where there is impurity 
atom segregation. In addition, pile-ups of dislocations 
may subject grain boundaries to high elastic stresses. 
Thus, Mears, Brown and Dix ^9) aluminium, alloys,
( '1ZL)
and Engell and Baumel v ' with low carbon steel, have 
used lacquer techniques to measure relatively large p.ds. 
between grain boundaries and grains.
According to the work of Robertson and Bakish (56)^ 
for a pure stress-free metal, given a suitable solvation 
process, atoms will be removed from the grain boundary 
region until it has assumed an equilibrium (non­
propagation) configuration and constant groove angle 
which is then maintained whilst atoms are removed at 
random from the sides (Eigure 3-1*)- This was 
demonstrated by potential measurements between grains 
and grain boundaries of copper in EeCl^ (Eigure 3.2.).
In non-homogeneous alloys, strong grain boundary
segregation or "parting" such as dezincification may
occur. In these cases, in the absence of stress, an
equilibrium configuration will not be achieved and inter-
granular attack will continue until stopped by such
factors as build-up of corrosion product or concentration
( 57)polarisation. Bakish and Robertson , working with 
Cu^Au alloys in EeCl^, have demonstrated that after 
initial groove formation copper continues to be removed 
leaving a spongy gold at grain boundaries. The boundary 
penetration continues, sustained by the large galvanic 
potential difference between the remaining impoverished 
and more noble grain boundaries and the alloy.
A tensile stress across the chemically active grain 
boundary would be expected to increase the rate of grain 
boundary penetration from kinetic considerations, the 
yawning of the penetrated region allowing fresh ingress 
of electrolyte and escape of corrosion product. Erom 
the thermodynamic point of view, stress concentrated at 
the notch may generate dislocations and generally result 
in locally higher lattice energy and an increase in
( 540chemical or electrochemical activity. However, Uhligw  '
discounts an enhancement of chemical activity due to cold
working ahead of a fissure tip from a simple free energy
calculation showing that the anodic change in potential
—5due to heavy cold work could only amount to 6 x 10 ^V.
At this point the important and subtle distinction 
should be made between intergranular s.c.c., such as 
nitrate cracking, which requires a sustained tensional 
stress, and pure intergranular corrosion which proceeds in 
the absence of stress. Such confusion has led to some 
wasted effort in the field. Susceptibility to inter­
granular corrosion is not necessarily associated with 
susceptibility to s.c.c. for a given material. Thus, 
aged Al/4%Cu alloys fail by intergranular corrosion in 
acidified salt solutions ^ 8 )^  as ^8 /8
stainless steel tempered in the range 4-00-900°C to 
precipitate carbides w  . In both cases applied stress 
may simulate crack formation, but the corrosion reaction 
does not depend on the presence of stress. 7 0 -3 0 brass 
and admiralty metal are intergranularly attacked by many 
solutions including acidic BiCl^, NagMoO^, and Ee2 (S0 ^ ) ^ 9 
but only aqueous solutions containing ammonia or amines 
cause s.c.c. . The mere pulling apart of trenches
produced exclusively by intergranular attack has rarely 
been suggested as a mechanism for intergranular s.c.c.
3.2. Mechanistic Studies
The earliest instances of intergranular s.c.c. in
low carbon steels in service were concerned with boiler
failures where the hydroxide ion was the damaging
species ?62,63)# Research into nitrate cracking has
been initiated by the failures of welded vats containing
nitrate solutions and welded structures conveying crude
(64- 65)coal and coke-oven gas 5 . Other environments
containing cyanide or sulphide ions have been reported 
to have caused stress-corrosion failures of low carbon 
steels, but these failures are usually transcrystalline 
and have been generally put down to hydrogen cracking.
Beginning with the studies of Jones (^3) many ideas 
have been put forward to account for this intergranular 
attack, which occurs in solutions not usually corrosive 
in the ordinary sense of the term, but which in 
concentrated form can crack thick sections of stressed 
steel in a short time. Basically, most of the theories 
currently available consider a propagation along some 
susceptible path of precipitate which is either 
dynamically produced by strain or pre-exists due to a 
specific heat treatment. However, as all mechanisms are 
based on observations of the effects of varying met­
allurgical and environmental parameters on the s.c.c. 
process, such results will be considered together with 
the authors' interpretations rather than a mere 
enumeration and attempted catagorisation of proposed 
theories.
3•3» Metallurgical Effects
3*3*^» Stress and Plastic Strain
It is generally found that internal or external 
stress slightly increases the rate of metallic corrosion 
in acid environments, corrosion rate increasing linearly 
with increasing stress ^ 6 ). jn neutral solutions and 
atmospheric conditions stress does not influence the
rate of corrosion to a great extent (67?68)^ However,
where stress does have an effect, the change in electrode
(69)potential is small. Evans and Simnad v found an
anodic change of 20~22mV for mild steel under tension in
0.1N NaCl and 5-6mV in compression, but after a short
(24)time these potentials became equal. Hoar and Hines v 
showed that after a short immersion, stressing did not 
essentially change the shape of the potential/time curve 
for austenitic stainless steel in MgCl^.
These effects could be due to an increase in the 
energy of the distorted lattice, or possibly destruction 
of surface films or strain-induced precipitation. Thus, 
in the s.c.c. mechanism, stress and plastic strain may 
be involved in both propagating the crack and 
establishing or maintaining the susceptible path.
There have been several attempts to establish
critical threshold stresses below which s.c.c. does not
(22)occur for various alloys. Parkins v J showed that, as 
the stress of a series of mild steels in nitrate 
solutions was reduced, cracking time became progressively 
longer until a minimum stress (which varied from steel 
to steel) was achieved below which they did not fail in 
500 hours. The incidence and variation of the 
threshold could be taken to indicate the fundamental 
importance of stress in the mechanism other than merely 
pulling cracks apart.
Engell and Baumel showed from continuous
potential measurements of loaded mild steel specimens in 
CaCHO^)^ that only plastic strain affects the potential 
in the form of a significant anodic deviation from a 
cathodic drift. It might be presumed that the s.c.c. 
mechanism will operate at stresses and temperatures 
where dislocation movement can occur, i.e. where 
microcreep at a particular testing temperature is 
possible.
3*3-2. Prior Cold Work
Robertson and Tetleman ^0) suggested that in 
heavily cold-worked materials the number of reactive 
sites should be large, but the rate of s.c.c. attack 
less, presumably due to the less-concentrated nature 
of the susceptible paths. Whether prior plastic 
deformation is favourable or not to s.c.c. has not been 
clearly answered.
Pearson and Parkins (^5) f0Und that cold-working 
welded mild steel plates rendered them more susceptible 
to s.c.c. when tested. Later * Parkins subjected
a series of mild steels to the action of a boiling 
nitrate solution with the external stress applied after 
an initial stress-free period of corrosion. The s.c.c. 
life of unworked specimens was not affected by the 
period of stress-free immersion but those which had been 
plastically cold-deformed prior to corrosion without 
tensile stress failed soon after stress was applied.
It was assumed that cold work has a similar effect to 
applied stress on s.c.c., i.e. in "producing localised 
increases in energy of sufficient magnitude to cause 
corrosion to be confined to these regions in certain 
solutions".
('zlo')Uhlig and Sava v ' found that cold-rolling by
7 0-85% induced 2 0 0  hour immunity in a low carbon steel
specimen normally failing in 2 hours in boiling nitrate.
This was confirmed by Padecker and Grafen Henthorne
( S O . )
and Parkins w  y showed that pre-strain increased the 
induction period and they related the contradictions of 
the above groups of results to the discrepancies in the 
carbon content of mild steels (those with more carbon 
requiring greater deformation to induce susceptibility), 
the different yield strengths, and the relative 
complexities of the testing methods employed.
3.3.3. Composition and Heat Treatment
Pure ferrite should be immune to s c.c. from the 
foregoing considerations, i.e. the only reason for anodic 
attack on a pure grain boundary can be due to its inherent 
high energy and this alone should not result in pron­
ounced intergranular corrosion. Mere dislocation 
generation at the base of a crevice caused by tension 
will not be sufficient to produce stress-corrosion. It
( n - r \
is of interest, therefore, that Elis et al reported
cracking in 40% of recrystallised pure iron
whiskers after heating above 910°C and water quenching.
They proposed that this wa.s due to the inherent lower
free energy of iron atoms at grain boundaries as "no
appreciable agglomeration of impurities at grain
boundaries can be admitted”. However, even trace
impurities hardly worth quoting may present ideal
("12 40 ')
conditions for s.c.c.  ^ * 'and this possibility .should
not be ruled out in their work.
The susceptibility of mild steels to s.c.c. is 
generally attributed to the presence of the interstitial 
elements nitrogen and carbon as nitrides and carbides at 
grain boundaries. Nitrogen and carbon are usually found 
in steel and susceptibility to s.c.c. is very sensitive 
to heat treatment and carbon content. However, reports 
vary as to the minimum interstitial content required and 
the distribution, as controlled by heat treatment, for 
susceptibility to boiling nitrates. Nehl and Werner 
stated that increasing the carbon content improved the 
resistance of a low carbon steel to boiling Ca-NH^ 
nitrate solution. Steels with less than 0.15%C could be 
made resistant by quenching from above the A^ and 
tempering at 600-800°C.
( 7 5')
Athavale and Eilender showed that nitriding a
steel increased its resistance to s.c.c. However, this 
was ascribed by Waber and Macdonald to the fact that
nitriding left the surface layers in a compressive 
state. Their own results showed that steels decarburised 
in wet hydrogen, thereby reducing carbon and nitrogen to 
0 .003% and 0 .0036% respectively, lost their sus­
ceptibility to s.c.c. in nitrates; with higher 
interstitial contents s.c.c. susceptibility was induced. 
Iron nitride was suggested as the grain boundary
precipitate which suffered direct attack, being anodic
(2 2)to ferrite. Parkins v , without reporting the 
nitrogen content, found immunity below 0 .0 1 5-0 .02%C and 
above about 0.2%C. Specimens nitrided then annealed were 
generally more resistant with increasing nitrogen content 
although resistant steels could be made susceptible with 
low additions. Radecker and Mishra (76) found a 
detrimental effect of nitrogen in the less susceptible 
higher carbon mild steels.
(22)
Concerning the distribution of the carbon, Parkins
found that spheroidising 0.18%C-0.22%C steels at 700°C
resulted in a high susceptibility to boiling nitrates in
the normally resistant metals. Thus, he associated
susceptibility with the presence of grain boundary carbide
particles, shovm to be cathodic to ferrite, adding that
a further increase in the p.d. between carbide and grains
is produced by lattice distortion due to the carbide (as
backed up experimentally by the x-ray method). However,
(77)m  a later work, Plis wr/ relates how he observed nitrate 
s.c.c. along grain boundaries in a 0.025%C steel brine- 
quenched from 925°C to prevent impurity segregation.
More recently, hox^ever, there have been reports of 
susceptibility in very high-purity irons (CC0.005). The 
general opinion is that any heat treatment which will 
result in preferential segregation of impurities to 
grain boundaries will induce s.c.c. susceptibility to 
hot nitrates. A vacuum-remelted technically pure iron 
of Radecker and G-rafen (7^) wag susceptit)ie to inter­
granular s.c.c. in hot nitrate mixture; thus they
attributed the immunity shorn by Parkins in his
9 9 .99% pure iron to stress-relief in the constant 
deformation-type jigs in the boiling solution. Although 
Uhlig and Sava found a decarburised electrolytic
iron with 0.001%C and <0l001%N to be immune as-quenched, 
a U-bend specimen of nitrogen steel containing 0.001%C 
and 0.04-3%H quenched from 950°C failed in under 3 hours. 
In this case, the presence of interstitial atoms, rather 
than nitrides, at grain boundaries was purported to have 
caused the susceptibility. Higher carbon irons were 
sensitive to heat treatment; a mild steel (0.06%C, 
0 .001%N) made susceptible by quenching from 9 2 5°0 , when 
tempered for 30 minutes at temperatures above 1 7 5°0 , 
became immune but this immunity was gradually lost after 
30 minutes at temperatures above 690°0 or 3 hours at 
550°0.
The results were interpreted in terms of crack- 
sensitive paths formed by interstitial carbon or 
nitrogen atoms at grain boundaries. These paths are 
produced by quenching from above the A^ but heat 
treatment at 250-6 5 0°C for half an hour depletes the 
grain boundaries of interstitial atoms when carbides or 
nitrides are precipitated (carbon and nitrogen are 
assumed to have a similar and additive effect). During 
tempering above 690°C or at 550°G for longer times, 
quenched-in imperfections migrate through the grains to 
grain boundaries taking carbon and nitrogen atoms with 
them to re-induce susceptibility. Immunity or 
susceptibility on tempering thus depends on the balance 
between the relative diffusion rates of imperfections 
and carbon or nitrogen atoms.
Further evidence of the effect of low interstitial 
additions on grain boundary corrosion is found in the 
work of Phillips (78) wj10 s]lowe<3_ that resistance to 
electro-thinning prior to transmission electron- 
microscopy occurred at grain boundaries and dislocations
in 0.01%C, 0.0039%U steel. This was attributed to
interstitial segregation. The phenomenon was not
apparent in as-quenched samples but only on aging for
prolonged periods to produce precipitation at the defect
sites. The importance of nitrogen in the mechanism
should not be underestimated in view of the work of
(79)Codd and Petch w  •" who found nitrogen locking of edge 
dislocations to be greater than carbon locking. They 
assumed that the interstitial boron atom would have a 
similar locking effect.
Long and Uhlig showed that high-purity iron
containing 0 ;001%N or less was susceptible when quenched 
from 925° 0  if more than 0.002%C was present. Irons with 
less than 0.002%C were resistant, but 3 hours at 350°C 
could reinduce susceptibility. Ploating zone-refined 
iron with 0 .8  ppm carbon and 0 .1  ppm nitrogen was immune 
in both quenched and tempered states. These results 
were interpreted in the same way as the results of Uhlig 
and Sava ; any balance of carbon or nitrogen content 
and heat treatment liable to give rise to a grain 
boundary concentration of these atoms will lead to 
susceptibility. It was suggested that even a monolayer 
or less of carbon or nitrogen would suffice to induce 
susceptibility by providing, in accordance with the Uhlig 
mechanism, sites for specific chemisorption.
(11)Long v ■ extended this work and highlighted the
importance of grain boundary segregates by using a
high-purity iron (<0 .001%C, <0 .001%N) basis with 1%
additions of various substitutional elements chosen for
their graphitising or carbide-forming ability. The
basic iron failed in less than 1 hour in the quenched
condition, which,together with the work of Uhlig,tends
to confirm the suspicion that the cracking found by 
(73)Plis et al in pure iron whiskers was the result of
the minute grain boundary impurities necessary for loss 
of resistance to s.c.c. Pe/1 wt%Cr and Pe/0.5 wt%Ti
exhibited 200 hours resistance to a boiling Ca-HH^ 
nitrate mixture after quenching and tempering at 
temperatures up to 800°C for 30 minutes. Fe/1 wt%Ni 
and Fe/1 wt%Al also showed susceptibility after similar 
heat treatments. Fe/1Mn, however, showed a range of 
immunity and susceptibility depending on heat treatment 
which was explained by the intermediate graphitising 
effect of manganese relative to a-iron. The behaviour 
of pure iron on quenching was put down to the effect on 
carbon distribution of strain-induced dislocation 
movement prior to immersion,and the 1 1 0°C environment. 
Carbide-forming elements prevent carbon atoms from 
migrating with dislocations to grain boundaries where 
they can produce susceptible paths. Munster and 
G-rafen found that the susceptibility of a 0.016%C
steel was reduced by additions of 0.4-6%Ti, but this was 
attributed to the removal of tertiary cementite from 
grain boundaries as Ti^C. Aluminium, it was stated, can 
only have an improving effect towards s.c.c. behaviour 
in the presence of sufficient carbon and nitrogen con­
tents to make the formation of 11 aluminium carbonitride" 
possible. Similar reasons were given by Baerlecken and 
Hirsch for the beneficial effect of tantalum and
niobium additions? Herzog ( ^ 3 )  Parkins and Brown^®^ 
found that susceptibility to s.c.c. of mild steel was 
decreased by addition of substitutional chromium.
Finally, oxygen in the range of 0.01-0.07% does not 
induce susceptibility in a pure iron 
( 7 7 )Flis v 1 1 ' continued, however, to maintain that there 
is no fundamental significance in s.c.c. of grain 
boundary segregates in pure iron. He achieved nitrate 
cracking in a constant strain test in ultra high purity 
iron containing <0 .1ppm nitrogen and j£3ppm carbon. 
Fracture was "brittle intergranular” in the material 
quenched from 950°C. Propagation was attributed to the 
preferential solution of the high energy grain
boundaries (which, is enhanced by higher carbon 
additions). Flis did not account for the specificity 
of the environment other than a hint that it may be 
associated with the electrochemical properties of grain 
boundary segregates.
Moreover, a completely opposite view to the 
preceding ones has been offered in a recent paper by 
Flis and Scully ^®^)# These authors have investigated 
the kinetics of migration to grain boundaries of both 
interstitial and substitutional elements in Fe/0.025%0 
and related the diffusional behaviour to s.c.c. 
susceptibility. The change in mechanical properties 
was compensated by the use of constant strain rate tests 
and an index of susceptibility based on the ratio of 
tensile data from the nitrate solution and an inert 
environment, both at 75°0. They calculated from data 
due to McLean that annealing above the A^ results in 
an equilibrium grain boundary segregation of impurities 
for that temperature. On aging, however, carbon is 
dissipated from the prior austenite boundaries, 
migrating to the ferrite grain boundaries and leaving 
the substitutional elements (higher diffusion coefficient). 
Intergranular attack can be related to s.c.c. along 
the prior austenite boundaries but not to the 
concentration of carbon at ferrite grain boundaries 
where attack did not occur. In fact, s.c.c. resistance 
increased with increasing carbon at ferrite grain 
boundaries and grain boundary attack occurred in any 
case in a pure grain boundary. "Heavy serration" of 
the 7 5°C load-strain curves for the as-quenched iron 
indicates a Portevin-Le Chatalier effect which is due 
to carbon in the grains. Only 5 hours tempering at 
250°C diminished it.
Whether discontinuous gross carbides or thin layers 
of carbon and nitrogen atoms associated with dislocation 
pile-ups exist at grain boundaries, experimental
evidence shows that only nitrate and hydroxyl ions 
allow destruction of the sensitised grain boundary. 
Thus, the mechanism must have important common 
features in all cases of a-iron and mild steel inter- 
granular s.c.c., although differing in detail. Mere 
galvanic attack owing to the anodic nature of either 
grain boundary precipitates or adjacent ferrite by 
the specific ion does not account for the s.c.c. of 
iron containing <0.001%0 and <0.001%N  ^ .
3.3.4-* Grain Size
Grain size and hence boundary area could affect 
the mechanisms of crack initiation and propagation in 
two distinct ways
(i) The concentration of impurities per unit 
boundary length giving rise to a susceptible path will 
decrease with decreasing grain size. Similarly, 
susceptibility will be lost if there is a dependence 
on dislocation pile-ups at impurity clusters.
(ii) Plastic flow characteristics change, i.e. the 
yield point decreases with increasing grain size and 
propagation mechanisms due to dislocation pile-ups at 
grain boundaries and the pressure they exert will be 
influenced.
(35)Coleman et al investigated the relative ease
with which stress-corrosion cracks (by liquid metal 
attack) may be produced in coarse and fine-grained 
materials. They showed that the stress to initiate 
a stress-corrosion crack depends on grain size 
according to a relationship of the type observed 
originally by Petch for the brittle fracture of mild 
steel :-
-4-
cr. = a  + kl * where, cr ,k = constants1 0  7 o
1 = grain size.
( 53)Henthorne and Parkins w -/y investigated the
influence of structure on the intergranular s.c.c. of
several mild steels in continuous straining tests and
showed a general increase in the minimum stress-
corrosion fracture stress to produce visible cracks
with decreasing grain size* It might be significant
that this increase in fracture stress also corresponded
(1 1)to a similar increase in 5% flow stress. Long v J 
tested Fe/1Mn specimens with grain diameters ranging 
from 0 .0 3  to 0 .07mm and found a gradual trend away from 
susceptibility (measured in this case as the T^ value) 
as grain size decreased,which corroborates an impurity 
susceptible path theory. However, as spring-loaded 
standard bend specimens were used, this result would 
have been affected by the changing flow stress with 
grain size although it was argued that the high degree 
of plastic deformation in the test would be sufficient 
to mask this effect.
3«3*5* Surface Condition
The effect of specimen surface condition is most 
likely related to the incubation period. Various 
surface pre-treatments have been used for general s.c.c. 
studies including emerying, electropolishing, pickling, 
and developing "standard oxide films" in air or in the 
test solution for extended periods prior to testing. 
However, experiments involving changing the thickness 
of the air-formed film such as those of Hoar and
( o n \
Hines v J are pointless with low carbon steels as,in 
the acidic boiling nitrate solutions of weak bases, 
such films would be quickly dissolved before further 
corrosion. A systematic study of the effect of 
surface treatment on tho s.c.c. of austenitic stainless 
steels has been carried out by Cochran and Staehle 
demonstrating that the greatest amount of statistical 
scatter was related to manual surface preparations, e.g. 
abrading, as opposed to chemical preparations including 
vacuum annealing.
3.4. Environmental Effects
3.4.1. Introduction
The electrochemistry of s.c.c. has certainly been
neglected in favour of the intriguing physical
metallurgical aspect of the problem. Consequently
several of the mechanisms postulated on the basis of
selective attack along grain boundary paths do not
account for the specificity of the environment. For
example, assuming grain boundary carbide is cathodic to
adjacent ferrite, or nitride anodic to ferrite, it is
not clear why only nitrate and hydroxyl ions allow
propagation along these impurity paths. Thus in low
carbon steels, several anodic inhibitors are known to
prevent s.c.c., which in addition will not occur in
( 14)sulphates and perchlorates v y or peroxysulphates,
( 7 2 )chromates, dichromates, and alkaline sodium plumbatew  ' 
- all highly oxidising anions. Furthermore, small 
quantities of nitrate or hydroxide ions in solutions 
containing the other can prevent cracking (39) #
Observing the effects of various environmental 
parameters on s.c.c. behaviour is a very necessary step 
towards understanding the mechanism and relating s.c.c. 
behaviour to the electrochemistry of corrosion without 
stress.
3.4.2. The Effect of the Anion
3 .4.2.1. Caustic Cracking
The intergranular cracking of welded boilers in 
steam-raising plant by caustic-containing waters was 
explained by Schroeder and Berk (®?) as being due to 
the evaporation of leaks at crevices resulting from 
exposure to highly concentrated hot solutions. They 
also stated that only solutions containing N^SiO^ 
promoted cracking. Work since then, unfortunately, has 
done little to elucidate the mechanism of caustic
cracking. Laboratory tests with hot concentrated 
caustic solutions have the practical difficulties of 
containment and contamination and it is generally the 
case that cracking is only found at elevated temp­
eratures (in autoclaves from 200-3 5 0°C) within a narrow 
hydroxyl ion concentration range and in the presence of 
critical amounts of oxygen and other additions such as
silicates The lowest concentration of boiling
. (89-92')caustic for s.c.c. appears to be about 3% •
Even the stimulation of applied anodic current may be 
necessary to produce stress-corrosion cracks.
The cracking mechanism has been subject to much( qx)
speculation. Parkins has summarised the various
theories which have been proposed, including hydrogen 
embrittlement, susceptible precipitate paths, oxide 
film breakdown and grain boundary distortion.
Passivating oxide film theories are the most popular;
(949 (95)Parr and Straub w  y and Schroeder et al suggested
that a coherent coating of Pe^ 4  forms on the steel in
contact with hot caustic solution. According to Parr
and Straub, fracture of the film by strain would expose
bare met- '1  ^— -*,-L / -- N between it and the
corrosion requires a passive grain surface. The
covering layer which provides the discontinuous
passivity necessary for localised attack was thought 
(97)by Graferr "to be Pe^O^ formed from the further 
oxidation of low solubility ions. These are
produced by the reaction, Pe + 20H~ = PeC^ +
Hydroxyl and nitrate ions are unique in producing 
intergranular s.c.c. in low carbon steels, hence any 
common factors in both modes of attack are of 
fundamental importance. The mechanisms of cracking in 
both media are generally considered to be similar, 
although some workers believe that hydrogen exerts a
oxide.
Engell anu. i-jauiutij. believe that intergranular stress-
, G-rafen (96) and
more important influence in caustic solutions.
('Q'OGrafen and Huron . ' found no difference between 
cracks formed potentiostatically in NaOH and 
Ca(N0^)2 ? whereas Bobinson and Nel in a
comprehensive study of caustic cracking concluded that 
the cracking processes of low carbon steels in 
boiling nitrates at 110°C and silicate/caustic 
solutions at 210-24-0°0 were different. Decreasing 
carbon content was conducive to increased, susceptibility 
in nitrate but not in caustic solution. Experiments 
with hydro gen-charged specimens indicated.'that cracking 
was directly related to the presence of a critical 
oxide film on the specimen surface, the chemical and 
physical nature of which could be controlled by 
silicate and other oxidising additions. The authors 
opined that diffusion of cathodic hydrogen into the 
steel in the presence of these crack-stimulating 
oxidising agents was not likely.
Possibly cathodically-formed hydrogen does play a 
significant part in the mechanism. Cracks from caustic 
solutions are never transcrystalline however, but
(98')
Evans y states that the possibility of atomic 
hydrogen from the cathodic reaction diffusing in to 
form a pressure build-up to "aid in the disruption 
caused by strong alkali" cannot be discounted. Such a 
view was originally stated by Jones in 1921
3.4.2.2. Nitrate Cracking
Most of the laboratory work concerned with s.c.c. 
mechanism investigation for low carbon steels has been 
carried out in hot, concentrated calcium, ammonium, 
sodium or potassium nitrates, or calcium-ammonium 
nitrate mixtures. At present there is little 
information regarding the detailed kinetics and electro­
chemistry of general corrosion of iron by nitrate 
solutions, but iron and mild steels exhibit a Plade
potential in nitrate solutions and consequently there 
has been general interest in correlating the s.c.c. 
mechanism with the passivating nature of the N0 ^“ ion 
and the reduction product,
Engell and Baumel v x conducted a potential
study of the corrosion of iron single crystals and
polycrystals in various solutions in an attempt to
elucidate "what chemical and electrochemical properties
of the corroding solution are required for s.c.c."
Potentiostatic polarisation curves for single crystals
in de-aerated boiling 55%Ca(N0^)2* 30%NaOH, and other
solutions not conducive to s.c.c., revealed that in
nitrates iron exhibits passive behaviour near the
free corrosion potential allowing a dissolution c.d.
of only 1 (lamp/cm • Hydroxides did not show this
effect unless (as corroborated by Badecker and Grafen 
(72)w  ) a little oxygen was bubbled through. In 
comparison, hot chlorides and persulphate solutions 
showed no equivalent passivity at the highest anodic 
potentials. Hot concentrated nitrate produced two 
states of passivity separated by an active region (in 
which s.c.c. occurred). The surface film at the 
corrosion potential was stable but took time to repair 
when disturbed.
Begarding the electrochemistry of the system, 
these authors suggested that nitrate ions are 
cathodically reduced to nitrogen, which is evolved, and 
haematite is formed as the passivating layer; the 
overall reaction may be written :~
10Pe + 6NC>2~ + 3H20 *= 5Pe2° 3 + 6°H~ + 3^.
It is quite feasible that production is an
intermediate stage. This is a powerful oxidising ion
(99) M zl)
and it is noteworthy that Engell and Baumel  ^ J
demonstrated that its removal by urea would increase
the resistance to s.c.c. Moshtev and Hristova
investigated the electrochemistry of the anodic
dissolution of unstressed iron in nitrate solutions 
and considered the cathodic reaction in a weakly acidic 
solution to have the overall form :-
NO," + 10H+ + 8e -*• NHZ|+ + 3HgO
The reduction of to NO^ *" was considered the
rate-controlling step
NOj" + 2H+ + 2e NOg" + HgO
In less acidic solutions, protons are provided by 
water molecules according to:-
Fe + HgO + e ^ e ^ a d  + 0H~’ then
(FeH )ad + NOj" + e NOg" + OH" + Fe.
In more acidic solutions,
Fe + H+ + e (FeH) ,, then.
(FeH)ad + N03" + H+ sl°^ NOg" + HgO + Fe.
The experimentally-obtained electrochemical 
characteristics distinguishing nitrate solutions from 
sulphates and others were put down to the stronger 
adsorbability of ions.
(73 101 102)Smialowski and co-workers 1,1 'have also
considered the electrochemical behaviour of corroding
iron in nitrate solutions (mainly NH^NO^) in some
detail, the sequence of reactions after immersion being
(101) given as follows v
(i) Formation of a soluble complex ion from Fe++ and 
NEL , possibly of the composition (Fe(NH^)x) where x 
isl-6. 3
(ii) Production of nascent hydrogen which acts as a 
reducing agent.
(iii)Reduction of to NOg" as a cfoi-e£ product.
(iv) Oxidation of Fe++ to Fe+++.
Cathodic reactions:
2H+ + 2e -> 2H ; 2H + NO," -?■ HgO + NOg"
Anodic reactions:
Fe Fe + 2e
Total reaction:
2Fe++ + NO “ + HgO 2Fe+++ + NOg- + 2 0 ^  or
2Fe++ + NOg- + HgO 2Fe+++ + NO (Ng) + 20H-
The reduction of to NC>2~ could be an
important and rate-controlling step in the overall 
s.c.c. mechanism, and so-called "susceptible paths" 
may well be regions where this reaction can go 
forward easily. Green and Parkins (^3) attempted a 
correlation between the s.c.c. behaviour of low 
carbon steels and potentiostatic cathodic 
polarisation curves produced from pure ferrite and 
carbide-covered ferrite specimens. At low cathodic 
c.ds. the polarisation curve for Fe^C undergoes- 
relatively little cathodic polarisation compared with 
iron. It was concluded that Fe^C particles, or 
carbon in interstitial solution, may be involved in 
stress-corrosion crack propagation in ferrite by 
acting as efficient points for cathodic discharge.
Some workers have reported that a degree of
intercrystalline corrosion has occurred in the
absence of stress in nitrate solutions and this is
generally attributed to the much enhanced reactivity
of the inherently anodic boundaries by impurity
(52)segregation. Parkins and Usher w  ' observed grain 
boundary attack in polished specimens after immersion 
in boiling 4N NH^NO^ for only a few seconds. After 
30 seconds the etching of the grain boundaries became 
deeper and a black film began to form which covered 
the whole surface after 1 minute, followed by "deep 
intergranular trenching" upon further immersion.
Tests in 4N KNO^ and MaJNO^ * however, produced only 
slight discolouration of the surface after 5 minutes.
( 54)Henthorne and Parkins using a calcium-
ammonium mixture confirmed the results of Parkins and
Usher although such penetration as occurred was not
sustained beyond a depth of one or two grain
diameters. Application of tensile stress made no
significant change in the early stages (up to 1
minute). During the induction period (where tensile
stress was not producing "yawning cracks") a relation-
O 63ship of the type d « 0 .38t * ^ obtained, where
d = crack depth in mm, t ~ time in hours. The same
(53)authors demonstrated intergranular penetration
in the absence of stress in boiling 8D 0a(N0^)2 * 
Specimens of 0.08%C and 0.3%U steel were immersed for 
4 hours and then plastically stretched 3 %  after 
removal to reveal any cracks prior to mounting. This 
work showed that further significant trenching did 
not occur after the active first hours for further 
periods up to 12 hours.
Plis and Scully 5 in a transmission electron 
microscopy study found that boiling 5N 
preferentially attacked unstressed 0.025%C foils at 
grain boundaries after 15 seconds. Plis showed
that at equilibrium the extra free energy of a pure 
grain boundary (of 5 lattice parameters thickness) 
can account for an anodic p.d. of 36.4m? compared to 
the grains.
Most reports of grain boundary attack in 
unstressed low carbon steels by nitrates have been 
based on work in Engell and Baumel
could not obtain cracks with boiling CatM)^)^ in the 
unstressed state unless anodic polarisation was 
applied. This is quite significant. Concentrated
has been described by Brasher (^4) as "one of 
the most corrosive salts (to mild steel) known".
The general corrosion rate in FxI,3T0^  is high 
compared to most of the other commonly used cations 
such as Ca+"r and Ha**’ since this medium contains not 
only the oxidising species with its cathodic
depolarising action, but also the complexing 
ion which facilitates the anodic dissolution of 
ferrous ions in solution. The corrosion rate in
depends on the rate of diffusion of this 
complex away from the iron surface and on the rates 
of the cathodic processes. Goodrich and
Hackerman (^5) showed that, when added to 1~2N UaNO~,
+ 0  the NH^ ion increased the dissolution rate of steel.
Important experiments are therefore needed to
ascertain whether s.c.c. in solutions is not
merely the progression of intergranular corrosion
trenches facilitated by stress, allowing physical
stifling to be overcome. If this is so, correlation
of results from 3M.ITCU solutions or solutions of other
cations containing a high KHZ ion concentration with
results from other nitrate solutions in which
sustained stress is necessary for intergranular
cracking, will not be tenable.
Many mechanisms for s.c.c. in nitrate 
solutions, like those for caustic cranking, have 
depended on the formation of a heterogeneous covering 
oxide film. Thus, Schroeder et al (95) stated that 
s.c.c. is produced by a solution that tends to form a 
more protective film over the grains than grain 
boundaries, giving rise to an intensive grain 
boundary attack according to the large cathode: small 
anode effect. According to these authors, such a 
mechanism (of initial attack) would be sensitive to 
oxidising and reducing ion additions to the 
environment: a weakly oxidising solution would tend to 
prevent adequate film formation on the grains, whereas 
a critical condition, would produce the optimum effect
of relatively exposed grain boundaries and heavily- 
coated grains5 and too much general anodic activity 
would provide a continuous oxide film and prevent 
crack initiation#
Having exposed a grain boundary to intensive
corrosive attack the question arises as to how the
(72)embryo crack is propagated# Kadecker and Grafen v 1 '
concluded that electrochemical processes were
entirely responsible for nitrate cracking. Their
postulated driving force for attack was again the
large cathode: anode ratio, which increases as
certain grain boundaries become favoured areas of
attack during the initial slow crack formation. This
(96 97)simple idea was again put forward by Grafen w  ’ r 
and also by Carius the passivating layer was
stated to be v-Le^O-,, produced in a corrosion
^ o  -
reaction in w h i c h i s  reduced directly to Ng* 
viz. 4-Fe + 2N0^~ + 4H+ + 2e + Ng + 2^.
In such a simple form, these views are unacceptable 
as an argument for the propagation of the stress- 
corrosion crack up to fracture.
More recently, through the analysis of
potential/time plots, Logan has been the foremost
advocate of the passivating film electrochemical
mechanism in proposing the "film rupture" theories
with special application to the intergranular s.c.c.
M S  ?7 -107)
of low carbon steels  ^ . In 5% NELNO, at
(27) 4 *room temperature, Logan v ( J claimed differences in
potential of up to 160mV between film-free metal and
metal possessing the air-formed film. An equivalent
p#d. was developed by plastically deforming the
filmed metal in solution. Notched specimens,
insulated from the environment apart from the area
around the notch, showed anodic changes in potential
of up to 70mV on straining in boiling 20% NH^NO^ and
film-repair to achieve the pre-stress potential took
(107)several minutes v r . Such initial deflections were 
not reckoned to be a crack initiation factor. The 
actual film rupture end repair mechanism would be 
expected to be a sub-microscopic occurrence at the 
crack tip. In a similar way, during a test, sudden 
extensions of the specimen were accompanied by 
changes in potential in the active direction.
Prom this data, Logan proposed that after a 
small amount of grain boundary penetration at highest 
energy arrays, regions of stress concentration are 
produced. If the resulting strain in these regions 
is sufficiently large, the oxide film formed in a 
solution of a specific passivating nature will be 
ruptured and (calculations show) the strain rate 
(10~ 3 per second) would be sufficient to prevent the 
protective film from reforming, thus allowing crack 
propagation by an electrochemical process. The 
driving force from oxide rupture is superimposed on 
the p.d. due to the grain boundary energy. Thus, 
cracking will only stop when the strain rate at the 
crack tip is too low to rupture the film. The 
electrochemical effect of straining at the root is 
insignificant•
Objections to most proposed mechanisms based on 
oxide film formation and rupture immediately spring to 
mind. Firstly, assuming passivating films are the 
cause and not the effect of s.c.c., it has not been 
made clear why cracking should be confined exclusively 
to grain boundaries; oxide rupture at emergent slip 
steps might be expected to lead to transgranular off­
shoots; neither do they explain why pure metals on 
which oxide films just as easily form are immune and 
why heat treatment can have such a marked effect on 
s.c.c. behaviour. These objections, however, are only
that the nature of the susceptible path has not been
(15)defined. Logan claims that cracks originate from
grain boundaries between crystals with a high orientation 
difference. The further propagation due to film rupture 
along grain boundaries may be the result of an epitaxial 
relationship between the protective film and the crystal. 
Arguments that chromates, nitrites, and chlorates should 
produce s.c.c. by this hypothesis are countered with the 
explanation that a critical oxide forming and repair state 
is not achieved, i.e. rapid repassivation is not 
desired* However, the effects of small changes in 
metallurgical composition producing large changes in 
susceptibility are not easy to distinguish. Neither is the 
inhibition of caustic cracking by addition of the 
passivating nitrate ion.
Further theories centred around the passivating 
nature of the anion are of note. Engell and Baumel 
believed the observed anodic potential shift on stressing 
specimens in 55%Ca(N0 ^ )2 to be the result of, rather 
than the reason for, crack propagation although the 
mechanism they postulated•also relies on the passivating 
nature of the nitrate ion. First, selective grain 
boundary corrosion occurs to produce fissures. This 
possibly arises from the segregation of impurities at 
grain boundaries aided by the effect of strain and the 
vast passive areas of the grains, thereby giving rise to 
a large p.d. between grains and grain boundaries. 1/hen 
the fissures have reached a critical size, cracks propagate 
mechanically until stopped by the energy of plastic 
deformation. Further electrochemical attack into the 
deformed region ahead of the crack completes the cycle and
further mechanical propagation may then occur.
(102)Smialowski v J found that factors favouring the pass­
ivation of iron favoured s.c.c. and inhibited general 
attack. Factors conducive to the decay of protective 
layers had the opposite effect suggesting that ’’passivation 
phenomena are essential for the occurrence of s.c.c. of 
iron and mild steel in nitrate solutions”.
Two possible alternative effects of the nitrate ion 
have been offered by Parkins and co-workers and Uhlig and 
co-workers. Parkins and Usher w  envisaged the sequence 
of events as follows : the first stage is the removal of 
the air-formed film to expose the underlying metal. This 
stage is connected with the potency of the solution.
Next, shallow trenches are formed at grain boundaries 
where segregates exist provided that the environment does 
not allow film repair nor produces a vigorous general 
corrosion. The solution must also not allow the formation 
of insoluble, stifling corrosion products. Production of 
cathodic hydrogen may be of signifbance and thus the 
oxidising nature of the nitrate ion may be also important 
in assisting the removal of such hydrogen and depolarising 
the cathodes Thus, crack propagation is by corrosion
of grain boundaries containing an almost continuous film 
of anodic material.
Uhlig and his school have recently been relating the 
“stress-sorption” theory to nitrate (and caustic) cracking 
of high purity iron and mild steel. They believe that the 
observed discontinuous mode of propagation with ’’crack 
spurts” rules out the possibility of electrochemical cells 
alone producing propagation. They suggest that it is more 
likely, especially as the environment is so specific and 
does not depend on high ionic conductivity, that chemi- 
sorption of OH** and N0^~ ions or compound species onto 
emergent dislocations at the crack tip reduces the surface 
energy of the meta.1 at the apex of the crack and allows 
brittle propagation (although they admit that it is not 
clear why only these two ions are absorbed). Certainly, 
Uhlig discounts the oxidising nature of the NO-,"* ion; 
electrochemical action between ferrite and cementite or 
nitrides is not thought to play a major part in this 
mechanism but may help to re-initiate a temporarily impeded 
crack growth or help to produce a more complex
•n ++ — / — ~Fe - OH /NO^ species which becomes the adsorbate.
The function of carbon and nitrogen atoms at the surface 
is then to increase the length of time that imperfections, 
generated by plastic deformation ahead of the crack tip, 
can remain in order to allow chemisorption (a time- 
consuming process) to take place. Although this mechanism 
seems favourable as theoretical justification has been 
given to most observations, it is difficult to prove 
experimentally. Thus, propagation may not occur on such 
an atomic level as Uhlig suggests. A doubtful point is 
the account of the effect of cathodic protection; where 
the or NOg" ion exists in sufficient concentration
the crack tip is likely to be covered with a thin 
corrosion film, in which case cathodic protection might 
improve the chemisorption bond by removing the film and 
exposing the clean metal surface.
3.4.3* The Effect of Cation and pH
The function of the cation in the nitrate or 
hydroxide solution in the s.c.c. mechanism will be 
related to effects regarding (i) the pH of the solution, 
and thus the stability of the oxide film, (ii) the 
physical and chemical nature of the corrosion products 
with considerations of stifling action and modification of 
the environment, and (iii) complexing ability and the 
incidence of marked general attack.
A few workers have investigated this aspect; Eadecker 
• (7 2)
and Grafen w  ' showed that in 50-75% nitrate solutions,
T^ depended only on nitrate ion concentration at a 
particular temperature and was independent of the cation 
for NH^+ , Na+, and Ca++ ions. Houdremont et al (90) 
claimed that varying the amount of Ca++ ions in an
solution did not produce an increased intensity of 
attack with increased concentration. These reports, 
however, are the exceptions: Smialowski ( ^ 8 ) stated that 
8N was more corrosive than NaNO^ or Ca(N0 ^ ) 2 though
it is not certain whether "corrosive" refers to s.c.c.
potency or the degree of general attack. This is in 
agreement with Herzog ^^9) wk0 sk0wed that, at 1 0 0°C, 
cracks appeared in low carbon steel after 37 hours in 
93 hours in 60% CaCNO^^ an^ - 4*10 Hours in 
60% NaNO^. Thus, some apparent controversy exists, but 
it is probably not strictly valid to draw marked 
conclusions as experimental conditions and material 
compositions have varied so widely.
( 110')Cubiciotti and Boyer v ' stated that s.c.c.
4.4. 4.4-
aggressiveness decreases in the order A1 , Zn , Mg , 
HH^+, Na+, Mn++. However, A1(H0^)^, like Ee(NO^)^, is 
not generally used because general dissolution may occur 
owing to strong hydrolysis (71972)# Parkins and Usher 
conducted an interesting systematic study and showed that 
the order of decreasing s.c.c. aggressiveness of nitrate 
solutions of different cations corresponded to the order 
of increasing (initial) pH for a given concentration, i.e.
Ca++, Li+, K+, Na+. Addition of HNO, to NaNO, to 
adjust the initial pH to that of HH^NO^ produced an 
equivalent cracking time to HH^HO^. This result is open 
to misinterpretation, however, as the pH of UH^NO^ will 
change during the test (especially during the important 
induction period) owing to loss of ammonia.
Addition of HN0 -, would also increase the amount of 
simultaneous general corrosion for a small change in NO^ 
ion concentration.
(52)Parkins and Usher w  ' found the abrupt changes in 
potential in the potential/time curves of the more acid 
solutions also reproduced in the curves of the more 
alkaline solutions on addition of nitric acid. Thus they 
argued that these abrupt potential deflections reflected 
the chemical rupturing and subsequent healing of the 
oxide film. Assuming a build-up of high acidity at the 
crack tip perforating the oxide, this process would be 
self-sustaining or "autocatalytic”. This could be 
correct, as higher acidity at the crack tip may result
from both the anodic oxidation of iron or the hydrolysis 
of ferrous ions according to
Fe++ + 2H20.-» Fe(OH)2 + 2H+ , (although H+ ions are 
required for the cathodic reduction of NO,” ('100,101)^
( 7 2 )Radecker and Grafen v ' investigated the effect of 
pH in nitrate solutions, varying it by additions of 
HNO^ or NaOH. S.c.c. was found to occur between pH 0.1 
and 13 5 but a significant change in behaviour was only 
produced at the acid or alkali extremes. No effect was 
observed for values between 0.3 and 7* Strongly acidic 
solutions produced general corrosion and strongly 
alkaline solutions provided a mild cathodic polarisation. 
Similarly, Smialox^ski and Szklarska-Smialowska (*^1) 
showed that the corrosion rate of iron in 3N NH^NO^ and 
3N NH^NO^ + 2N NaNO^ at 20 °C was dependent on pH below 
2.8 and above 3.6-6.0 and independent between these 
values. The initial electrode potential at 20°C was 
unaffected between pH 3 and 6.3* Above pH 6, the velocity
J.J. 1 - i |
of the oxidation of Re to Re became considerable, and
precipitation of hydroxides resulted in formation of
protective layers end passivation. In the strongly
acidic solutions, these protective layers were obviously
(111*)more soluble. Szklarska-Smialowska v J also studied the 
effect of pH on the T^ of stressed wire specimens in 
aerated 3N NH^NO^ at 96°C, varying pH by addition of HNO^ 
and NH^OH. pH was only found to be significant above 7 
where susceptibility decreased rapidly; between pH 3 to 7> 
s.c.c. behaviour was not affected. This was attributed to 
the evolution of . ammonia above pH 7 and the formation of 
a soluble complex with Re ions promoting general 
corrosion.
The presence of excess Re+++ or (Re-NH.,) ions in the
^Y11 ^test solution appears from the work of Long v J to be of 
little importance. Test environments were maintained at 
the desired concentration between runs by topping up with 
distilled water, but only completely renewed every five 
tests or 200 hours. This procedure seemed to have
negligible effect on the normal scatter of results.
3<*4-.4-o Additions and The Effect of Oxygen
Additions of various organic and inorganic
inhibitors have been made in the past as a means of
preventing both caustic and nitrate cracking in industry. 
Hox^ever, these have been mainly selected on an empirical 
basis. The mechanism of s.c.c. in a pure solution is not 
clearly understood; introduction of further varid)les to 
the system is liable to change the reactions at the metal 
surface and the physical and chemical nature of the 
corrosion products to the extent that the s.c.c. processes 
may be masked. In the laboratory, additions have 
generally been chosen and the results interpreted in terms
of the effects on the composition and properties of the
passivating surface film that is so often suggested as 
playing a fundamental role in the s.c.c. mechanism. 
Schroeder et al showed that additions of MnC^,
MnSO^, KMnOz^ ,andTiGlZi_ accelerated cracking in NaNO^. A 
critical amount of oxygen inhibited general attack and 
stimulated s.c.c., but too much apparently retarded s.c.c. 
due to "continuous oxide films" (covering the grain 
boundaries) as would too little by producing insufficiently 
coated grain cathodes.
Considering the ion formed from the cathodic
reduction of NO^ to be the important passivating species, 
Engell and Baumel assumed that removal of N O ^  from
the test environment would shift the potential of iron to 
a less noble value and increase its s.c.c. life. Addition 
of . urea decomposes the NC>2~ -*-on according to
2H+ + 2N02 + (  ^2 "* ^^2 "* ^^2 *
In fact, the potential/time trace, on addition of 10%  
urea to boiling 35% Ca(NO^)2, did not show the 
characteristic rise during the induction period and the 
lifetime was more than doubled. Conversely addition of 
1%  NalTC^  raised the electrode potential and reduced
cracking time by about one third. Both 2 %  K^O^O^ and 
2 %  KMnO^ reduced T^.
Parkins and Usher (^2) sjlowe^ that 1 %  additions of 
K^CrO^, and. NaN02 , and 0 .1%IUln0^ reduced cracking time; 
NaHCO^, Na2C0 ,^ Na2HP0^, NaOH, CgH^COONa and thiourea 
greatly increased T^, the CO^ and PO^ producing 500  
hour immunityc Salts which produced OH” ions in solution 
assisted in the repair (or stability) of the surface film 
and prevented crack initiation or delayed propagation - 
as shown by microscopical examination. Thus, precipitation 
of insoluble corrosion product on the metal surface 
reduces the tendency for ferrous ions to pass into 
solution. In the crack, acid conditions would still be 
maintained where the CO,,””, PO^ and others are depleted. 
The oxidising salts probably did not completely inhibit 
s.c.c. as any PeCOH^ produced would be soluble in the 
acid environment of the propagating crack. Parkins and 
Usher concluded that the influence of powerful oxidising 
agents in the already oxidising N0^~ solution tends to 
suggest that oxid;5^4tion is involved in the reactions 
leading to s.c.c.
Nany chemicals with oxidising anions and various 
industrial inhibitors were added by Gheradi et al -^0
boiling 50%  NH^NO^ in which twisted mild steel specimens 
were immersed. The general opinion from optical 
microscopy and potential measurements was that inhibitors 
which prevented general corrosion would not necessarily 
prevent s.c.c. Oxidising salts intensified grain 
boundary attack, but CaCH^PO^^ and Na2HAsO^ were most 
effective in preventing s.c.c. The mechanisms involved 
were unfortunately not deeply considered.
Some workers have found that bubbling oxygen through 
the solution has a pronounced effect on cracking.
Grafen (96) pg^eekep and Grafen (?2) £0Un£ that no 
cracks could be obtained in boiling NaOH in the absence 
of oxygen, but a nitrogen rinsing gas containing 50 vpm
oxygen produced cracks in 15-33% NaOH. Excess oxygen 
produced from air bubbling, however, reduced the tendency 
to crack.
Humphries and Parkins (92) ^ave investigated the 
effect of many anion additions at various anodic pot­
entials to caustic solutions and have shown that the 
passivating layer of importance in the mechanism is 
Pe^O^. It was thought that highly oxidising additions 
probably result in the formation of y-Pe^O^ and shift the 
free corrosion potential outside the critical cracking 
range.
Confirmation of the importance of passivating layers
in both hydroxide and (especially) nitrate modes of s.c.c.
is found by the converse to oxidising ion additions,
namely by causing film breakdown with selected anions.
Phe depassivat.ing effect of the chloride ion is well known 
(112)v y and even small additions generally prevent the
s.c.c. process completely. Thus, addition of 3%NaCl to
60% Ca(N0 ^ )2 + 3% NH^NO^ at 108°C completely inhibited
cracking (up to 200 hours) which normally occurred in 
(17)hours  ^ . Phis is because the selective s.c.c. attack
is replaced by s. more desirable uniform corrosion; which
is, in effect, a general rule for s.c.c. inhibition.
(112)Hoar v ' states that passivity in iron and mild steel 
may be broken down by perchlorate and sulphate ions at 
quite low anodic potentials, so presumably these might be 
shown to have similar effects as the chloride ion on s.c.c.
Pinally, the effect of Mn++ ion additions to the
environment should be noted: Smialowski (^°2) showed that
increasing concentration of Nh++ ions up to 1 mole/litre
in 5N NaNO* reduced Q?« threefold. Purther increase had a
(11 'S)negligible effect, however. He also demonstrated
the effectiveness of 0 .1N MnOZj_~ in reducing P^. Phis 
was attributed to a distinct change in the nature of the 
corrosion products which, in Mh++ ion - containing
solutions, form a compact film covering the surface of the 
steel, thereby decreasing the corrosion rate. NaNO^ 
alone produced no visible surface film. Similarly, the 
additions discovered by Schroeder et al v to 
accelerate s.c.c. may have operated because of the 
common presence of the Mn ion.
In summary, notwithstanding the alternative view of 
Uhlig that s.c.c.-inhibiting additions shift the
critical potential for specific ion "stress-sorption", it 
is quite clear that passivating layers must play some role 
in the s.c.c. mechanism; to decide exactly what this role 
is, whether at the initiation stage or continually into 
crack propagation, requires further x^ ork.
3*4-.5* Data from Polarisation Curves and the Effect 
of Applied Potential
Such provocative results as those above make it 
necessary to investigate more deeply the significance of 
electrochemistry in the s.c.c. mechanism. This is 
achieved by continuous potential measurements and the 
application of cathodic and anodic polarisation. Consid­
ering the low carbon steel/UO^”" or 0H~ system, workers 
have been unanimous in reporting that cathodic polar­
isation prevents crack initiation and propagation, and 
impressed anodic potentials stimulate cracking and
(?1)increase corrosion rates. Thus Waber and McDonald v J 
have shown that the development of stress-corrosion cracks 
may be fully arrested by the use of magnesium anodes or 
impressed current. Analagous data, including the use of 
stimulating anodic currents have been presented by 
Parkins (^4)^ ^Qgepq and Baumel Logan (^5) and
Wranglen. .
Szklarska-Smialowska J found that a critical 
cathodic potential of -0.43V (vs S.H.E.) gave the optimum 
resistance to cracking of low carbon steel wires in 
5N NH^NO^ at 7 5 °C, but increased cathodic currents strangely
produced a marked general attack causing failure to occur 
by general weakening leaving specimens bright and clean.
At -0.43V, the specimen was covered with an adherent and 
compact layer of Fe^O^. The straight forward potentio- 
static polarisation curve for iron in 5N NH^NO produced 
by the potential step method showed the corrosion potential
p
to be -0.28v. The maximum current was 100mA/cm at Ov.
With increasing anodic current, a gradual trend to passivity 
occurred until potentials between 0 *95v and 1 .5v where
p
the dissolution c.d. was 0.16mA/cm due to a completely
passivated surface. Oxygen evolution occurred at
potentials above +1.5v. From the information given by the
polarisation curve, impressed potentials between -0.28v
and +0 .95v resulted in general acceleration of s.c.c.,
although around the potential corresponding to the
maximum corrosion rate, corrosion became uniform with
less tendency for intergranular attack. Potentials above
-;-0 .95v produced a gradual decrease in s.c.c. susceptibility,
and at +1.pv no further corrosion took place. Such work
indicates the complexity of the chemical reactions
occurring on the metal surface and their dependence on
electrode potential during the cracking process.
( a 4 *)
Engell and Baumel v J showed that both induction 
time and T^ were shortened by anodic polarisation of mild 
steel rods in boiling 55% GaClTO^)^? crack formation being 
accompanied by large current deflections in a c.d./time 
curve at constant electrode potential. Between Ov vs 
SoH.E. and 1.7v, generally decreased (Table 3*1*)•
A schematic polarisation diagram was drawn up to 
illustrate the effect of anodic polarisation on the s.c.c. 
mechanism, based on curves obtained from single crystal 
and polycrystalline iron samples (Figure 3.3*)• The 
observed corrosion potential is almost that of the grains 
due to their large area compared to that of the grain 
boundaries. The diagram shows that in the unstrained 
state, selective corrosion of grain boundaries occurs only
under anodic polarisation.
Applied Potential
volts vs. S.H.E.
0
+0.03 
+0. 06 
+0.23 
+1.6 
+1.7
Table 3-1.
Munster and Grafen and Grafen ^97) obtained
polarisation curves from samples of low carbon steel in
nitrates both unstressed and stressed (in such a way that
the sample did not fail immediately anodic current was
( q n \
applied). During anodic polarisation at a particular
potential known as the "breakaway potential" a rapid 
increase in current occurred which was associated with 
grain'boundary attack. In unstressed specimens, this 
potential was +900mV vs. S.H.E. but with increasing stress 
up to 4Cf/o UTS, grain boundary attack occurred at the rest 
potential of +130mV (i.e. spontaneous s.c.c. would occur 
without polarisation).
(116)Mieluch and Smialowski v J compared polarisation
curves for single crystals, bicrystals, and polycrystals
of iron in aerated 3U at room temperature in order
to investigate the nature of the intergranular attack in
the stressed state (Figure 3.4-.)* Within the
potential range E to E , besides general attack, a slightc p
intergranular corrosion occurred. This was in the form of 
an etching effect, the dissolution rate of the grain 
boundaries apparently depending on the crystallographic 
orientation of adjacent grains. Polarisation at 
potentials above E^ revealed a preferential dissolution of 
iron at grain boundaries and "other structural defects 
such as dislocations and inclusions". They concluded that,
T^ hours
11.3.
1.5.
1.5. 
1.7. 
0.3* 
0.5.
although, above E iron crystals are covered with a 
passivating film, grain boundaries and other surface 
emergent defects may still be active, i.e. allowing 
interchange of ions and electrons. This would result in 
a heavy local attack.
The effect of applied potential can offer an insight 
into the part played by stress in the mechanism. The 
work of Mieluch and Smialowski above, for instance, tends 
to reduce its function to one of mechanical crack opener, 
as does the work of Henthorne and Parkins . These 
latter workers showed that unstressed specimens of mild 
steel immersed in nitrate solution were trenched to a 
limiting depth in the first hour, but application of
0.4-v vs. s.c.e. for 12 hours at 95°C allowed a greater 
penetration along grain boundaries. They concluded that 
in normal s.c.c. where deep intergranular penetration 
occurs, stress may merely have the role of facilitating 
the supply of corrodent to the crack front.
In summary, the fundamental processes in the s.c.c. 
mechanism may be apparent amongst the observed effects of 
applied potential, which include the following
Cathodic Polarisation:
(i) Formation of cathodic hydrogen and increase in 
pH.
(ii) Reduction of to Mb/” (to ITg)-
(iii) Reduction of oxide on specimen surface.
.Anodic Polarisation:
(i) Change in chemical reactions at the metal
interface and the chemical and physical nature 
of the passive film.
(ii) Stimulate corrosion kinetics.
3*4*6. Effect of Temperature
Temperature increases the rate of almost all 
chemical reactions; thus corrosion processes are generally,
with few exceptions , accelerated as temperature is 
raised - especially those in which hydrogen evolution is 
the cathodic process. In reactions relying on the 
cathodic reduction of dissolved oxygen the increase in 
corrosion rate may not he so marked at higher temperatures 
where the oxygen solubility falls off.
Corrosion rate has been shown to follow an Arrhenius 
relationship with temperature i,e. I = Ae
and a log/linear plot of rate I vs 1/T°K allows calculat­
ion of the apparent activation energy . Szklarska- 
(111)Smialowska v ' quoted an activation energy of
10,000 ± 500 cals/mole for the cracking of iron wires in
( 7 2 )5N Radecker and Grafen ' obtained a value of
27K cals/mole for the s.c.c, of 0.14%C steel in 
60% Ca(N0p2 + y/o HH^NO^ solution.
Evans states that higher cracking rates at
elevated temperatures in nitrate solutions are due to the 
nature of the corrosion product - a good conducting 
anydrous magnetite. At low temperatures a slimy mass of 
hydrated ferroso-ferric products collects on the surface
and prevents depolarisation of the cathodic areas.
( 7 )Romanov v f y suggests that the effect of temperature on 
s.c.c. may be explained by the increased activity of 
corrosion cells at the bottom and on the walls of develop­
ing cracks owing mainly to an increase in electronic 
conductivity of the solution, acceleration of the diffusion 
processes and a decrease in hydrogen overvoltage.
According to Herzog v ", cracking in a calcium-ammonium 
nitrate mixture occurred after 4,000 hours at 70°C, 600 
hours at 80°G, 48 hours at 90°C and 12 hours at the 
boiling point, 110°C.
In the laboratory, boiling solutions are often used 
for ease of temperature maintenance. At the same time, 
the boiling action may help to loosen the corrosion 
product and have other physical effects such as the 
prevention of concentration polarisation.
3.4.7* The Role of Hydrogen in Low Carbon Steel S.C.C.
In corrosion reactions the cathodic reduction of 
hydrogen ions in an acid solution, or the application of 
cathodic protection are the major sources of atomic or 
nascent hydrogen on the steel surface which may produce 
blisters or cause embrittlement. The exact mechanism of 
hydrogen embrittlement is still not very well understood 
and as such this mode of failure is often confused with 
s.c.c. which in most cases is a distinctly different form 
of attack. Hydrogen embrittlement is generally dis­
tinguished from s.c.c. by the effect of impressed cathodic 
current. Thus certain martensitic iron-base alloys and 
titanium-base alloys fail when cathodic current is applied 
in various environments.
However, some research has been carried out with 
mild steels in order to reveal any important function of 
cathodic hydrogen in the cracking mechanism. Bastien (^0) 
suggested that electrolytically-produced hydrogen was the 
cause of s.c.c. in quenched and tempered 0.1 - 0.2%C 
steel immersed in an aqueous solution of 0.5% CH^ COOH, 
saturated with HgS, It was postulated that protons collect 
in dislocations and are carried by defects during plastic 
deformation, possibly leading to a local over­
saturation of hydrogen followed by an increase in pressure 
producing triaxial embrittling stresses in the metal
around crystalline voids formed or enlarged by straining.
(121)He Kazinscky v y proposed an interesting mechanism for 
the cracking of steel specimens in (RH^^SO^ under 
stresses below the yield point. An incubation period was 
found which was dependent on stress and hydrogen concen­
tration. This type of cracking was clearly propagated by 
an entirely different mechanism from cracks of the blister 
type mainly because it was observed that a crack continued 
to grow inwards after it had lost its gas content at the 
surface. By this mechanism protons in the steel cause 
creep at room temperature by unpinning dislocations from
carbon and nitrogen atoms. Sufficient creep might nucleate 
brittle cracks by a Stroh mechanism, The cracks will not 
propagate far at low stresses (below the yield point) and 
thus the process has to be repeated several times,
Logan and Yolken (^2) ¥ere no -^ at>pe -fo produce 
hydrogen embrittlement of conventional tensile specimens 
in three out of four low carbon steels in acetic acid 
saturated with H^S. However, in a specimen containing 
inclusion stringers, where atomic hydrogen building up at 
steel/inclusion interface produced blistering, transgranular 
embrittlement occurred. No importance was attached, 
therefore, to hydrogen -during the nitrate s.c.c, of a 
clean low carbon steel.
In general, fisctures of low carbon steels in hot
nitrate solutions show no evidence of hydrogen blistering.
In fact hydrogen evolution during corrosion of steel in
nitrates has been shown to be negligible even under
(101)cathodic polarisation v * Although cathodic hydrogen 
is unlikely to be the fundamental cause of s.c.c. in 
nitrate solutions, hydrogen atoms might aid crack 
propagation by lowering the cleavage energy of the crack 
if adsorbed (38)^ assuming they are able to exist long 
enough in the presence of the oxiksing species in 
solution, which is doubtful. Evans k0xds the view
that hydrogen diffusion may stimulate the rapid advance 
of the crack front, not by an adsorption mechanism, but by 
pressure build-up in microcavities parallel to the 
direction of the intergranular path along which the crack 
is advancing. This lowers the tensile stress necessary 
for the sudden advance of the crack. Evans adds that; as 
the oxidising character of the nitrate ion would prevent 
general hydrogen liberation, local internal hydrogen 
production would be favoured. Such a mechanism could be 
tested in the laboratory by the use of certain poisons such 
as sulphide, selenide or arsenide ions which assist the 
transfer of hydrogen into the metal
In contrast, it is interesting to note the
(  y\02.')experiments of Smialowski v in which failure times m
various mixtures of NH^Cl and for vacuum-annealed
and hydrogen atmosphere-cooled low carbon steel wires
were compared. The effect of impressed cathodic current
in was also investigated. Smialowski concluded
that, when present in the sample, hydrogen considerably
decreases the s.c.c. rate of mild steel in a nitrate
solution. Cathodic polarisation of vacuum-annealed wires
produced similar s.c.c. results to the hydrogen-annealed
wires, which was a less pronounced intergranular attack
with greater incidence of s.c.c.-mitigating general
corrosion. This result is in agreement with Waber and 
(21)McDonald v The conclusive results from experiments
involving cathodic polarisation during straining and the 
effects of pH and additions to the environment on s.c.c. 
behaviour, when considered in the light of the oxidising 
nature of the nitrate environment in which nitrate 
reduction and oxygen absorption are the dominant cathodic 
processes, must rule out the possibility of hydrogen having 
any but an initially mildly stimulating, if not 
inhibiting, effect on the s.c.c. process.
4. TECHNIQUES IN S.C.C. RESEARCH
4.1. Application of Stress
Stress-corrosion tests are usually carried out for
(124)one of the following purposes N
(1) Mechanistic study.
(2) Selection of material for a given purpose.
(3) Determination of the limitations of a given 
alloy.
(4) Guidance in alloy development work; studying 
the effects of composition, heat treatment etc.
(5) Control test - quality checks.
Methods of testing are generally chosen according to
which of the above points is of main interest. Mechanism
studies, for example, require the most elaborate apparatus
owing to the need for a quantitative assessment of s.c.c.
propensity. Several authors have considered the numerous
(124-127)testing devices and techniques available v which
basically can be divided according to the nature of 
stressing, i.e. constant deformation tests and constant 
load tests.
In the first category, the obvious method is to weld 
in an internal stress and this may be done when "go/no go" 
results analogous to those found in service are required. 
Also,U-bends may-be made in specimens held by bolts 
through the legs. Specimens can be sprung into three or 
four-point loading o'jigs and even Erichsen cups may be 
used. All, however, suffer from the disadvantages that 
the actual stresses are quite difficult to measure and 
that, as cracks develop, yawning at the crack mouth 
relieves the stress and may cause the cessation of crack 
propagation. Furthermore, the quantitative index of 
susceptibility, T^, cannot be accurately measured.
Uhlig and Lincoln (^28)^ ^ater Long 
ingeniously overcame these problems by loading U-bend 
specimens by two or three-point methods through a
compression spring which prevented any relaxation of 
stress during cracking. is easily recorded this way 
by the use of a microswitch. Constant load experiments 
often make use of standard tensile test specimens or 
wires, employing springs or levers to apply the load.
Once the cracking starts, the stress on the good metal is 
increased with a resulting acceleration of cracking.
Quite recently Fracture Mechanics has been applied
(129)to s.c.c. investigations v "  using special specimens 
with machined notches and small fatigue cracks. The 
advantages of this method have been described ^^0) as:_
(i) Eliminating the induction period,
(ii) Standardising testing methods,
(iii) Providing a good indication of susceptibility 
(possibly to hydrogen attack),
(iv) Providing a means of testing for s.c.c. in
alloys which are normally immune in conventional 
tests (i.e. titanium,high strength steels),
(v) Providing a close tie to service conditions.
4.2. Choice of Environment
Mechanistic studies may require an environment which 
produces failures akin to these observed in service but 
which may be adapted according to the vast complexity of 
variables involved in the stress-corrosion system. 
Metallurgically-biased investigations should ideally be 
performed in a standard testing environment which yields 
reproducible and typical results.
4.3* Further Variables
The temperature of the test is usually high and may 
vary from Just below boiling point at some fixed level 
(in order to eliminate this variable for different 
concentration solutions) to actual boiling point where 
control is self-maintaining and requires only topping-up 
with distilled water occasionally. The care needed in
this respect has been discussed by Kohl Tests in
autoclaves are sometimes used where fractures are not
easily obtained at normal temperatures or where reactor
materials are being investigated Testing over a
wide temperature range usually enables an Arrhenius plot
to be obtained, but extrapolation to room temperature may
('I)give false results  ^ . Finally, variation of
concentration and addition of foreign ions to the 
environment should be effected carefully in the light of 
reproducibility, reasonably rapid results, and degree of 
general corrosion.
4-.4. Electrochemical Techniques in Mechanism Studies
4-.4.1. Potentiometric Measurement
The electrode potential existing between a metal 
surface and its aqueous environment at a given time is a 
sensitive, reproducible value dependent on numerous 
variables such as surface condition, composition and 
concentration of electrolyte, temperature, and aeration.
Hoar and Hines developed their ‘’electrochemical
theory” of s.c.c. using potentiometric measurements which
indicate those reactions on the specimen surface which
are thermodynamically possible, e.g. whether oxygen
reduction or hydrogen evolution is the major cathodic
process during cracking, and allow the progress of
cracking and the effect of certain additives to be con-
(1 tt')tinuously assessed. Anderson  ^ proposed the measure­
ment of rest potential for estimating s.c.c. susceptibility 
of a metal: duplicate specimens of stainless steel, one 
stressed and the other unstressed, were immersed in 
CaC^ solution. The steady potential difference at room 
temperature was found to relate to the stress-corrosion 
life at 100°0 and to respond to variations in stress and 
pH in the same manner. Such work is most useful and 
should be developed for research into the induction time 
and, in the case of easily duplicated tests, eliminating
complex straining apparatus.
( a i l ')
Along the same lines, Engell and Baumel v 
measured the potential difference between grain boundaries 
and grains using a lacquer-screening technique on course- 
grained steel and related this to the tendency for 
int.ergranular attack.
Reference electrodes are usually the saturated
( A A )
calomel or silver-silver chloride electrodes, but Longv ' 
and Callender v ^ ' have claimed good results using a 
reference of the same metal as that under investigation 
coated with a stable film from prolonged immersion in the
environment prior to testing.
4.4.2. Potential Control
Polarisation curves may be used to study the 
relationship between the corrosion rate and electrode 
potential of a metal in the unstressed state in order to 
build up a complete picture regarding the rate of 
corrosion at particular potentials, the passivating nature 
of the solution, and possible anodic and cathodic 
processes.
Most polarisation curves are established "potentio- 
statically" i.e. the current depends on a set voltage
between the specimen and a reference electrode. Potential
change over a desired range may be step-wise, with fixed 
rests at each potential, or by a continuous sweep - this 
technique being known as the "potentiodynamic” or 
"potentiokinetic” method. It is often used as it lends
itself to the use of automatic current recording apparatus.
('135 136}Informative papers 'have been published concerning
the sometimes marked current dependence on potential 
traverse rate and direction, potential step size and delay 
time, and electrode design and pre-treatment: techniques 
require skill and experience for optimum results. Useful 
reviews of the theoretical aspects have been published by 
Makrides ^^7)^ Pourbaix and Van der Velden ^^8)
Dugdale ^59) #
Section 3*4.3« has indicated that s.c.c. information 
may be derived from polarisation curves and from 
experiments involving potentiostatically-applied cathodic 
and anodic polarisation. The use of potentiostatic
polarisation in s.c.c. studies has been reviewed by
(140} (141}Greene v '. Thus, Wendelbo v 'found that improper
quenching of a 431 stainless steel inducing a
susceptibility to s.c.c. gave a characteristic "high
current curve" as opposed to the polarisation curve for
the correctly heat-treated material, and the presence of
a grain boundary carbide network was easily detected.
In summary, potential measurements are a most useful 
method of following the progress of a stress-corroslon
(49}test and artifically inducing isolated effects. Hoar v 
however, has warned that "most of these methods describe 
what has happened rather than indicate what is happening 
and the evidence they provide can be circumstantial".
4 . Techniques for Estimation of Attack
4.5*1* Microscopy
Simple optical metallography of the failed specimen
reveals the microstructural route taken by the crack and,
to a limited extent, the metallurgical factors imparting
(11}susceptibility. Thus Long v 'showed that the modes of 
intergranular cracking in Ee/1Ni and pure iron were 
different for a constant grain size - the former alloy 
showing a larger crack distribution and a more complex 
failure pattern. This was related to the presence of
(142}grain boundary susceptible paths. Repeated sectioningv '
has been adopted in order to build up models of trans­
crystalline crack networks.
Electron-microscopy of acetate/c 3rbon fracture 
replicas may help to establish whether cracking is brittle 
or modified ductile and may even pinpoint the transition 
between the txvo where the material finally yields.
Davis (^3) compare& fracture surfaces due to hydrogen
embrittlement and s.c.c. using electron fractography.
Nielson v ' isolated corrosion product in the crack tip
and studied its mode of growth and "wedging action”,
thereby putting forward a novel hypothesis for cracking.
Most thin-film electron-microscopy (with notable ex-
( )\1\ trx 7 7  V
ceptions, e.g. v has been associated with s.c.c.
failures in austenitic stainless steels, and has indeed 
provided evidence for some extremely interesting 
mechanisms 54*3) b
Scanning electron-microscopy is a new technique in 
corrosion research - its great depth of focus and high 
resolution at magnifications up to 50K making it a 
formidable device for investigation of initial sites for 
surface attack and fractography.
4.5*2. Ancilliary Techniques
For estimating degree of corrosion the standard
techniques of measuring weight loss, change in mechanical
properties, resistivity, change in composition of the
environment, and others are available. More recently in
the field of s.c.c., transducers have been used to record
('145 ' )
the mode of specimen extension during failure v " ,  and 
even acoustical monitoring of crack progression has been 
attempted ^
5. REPRODUCIBILITY OF RESULTS IN S.C.C. TESTS
Optimum reproducibility within a group of results 
can only be expected if exact duplication of all 
conditions is achieved. This is difficult in corrosion 
where the countless variables include environment 
composition, temperature and velocity, and specimen grain 
sise, surface condition (affecting "true surface area” 
over which reaction occurs and which differs by 3-50 times 
the apparent area), and stress in s.c.c. experiments.
For a controlled testing procedure best reproducibility is 
expected from a corrosion process occurring over the whole 
of the specimen, i.e. "uniform corrosion". Pitting 
corrosion, intergranular corrosion, and s.c.c. are all 
localised effects and cannot be expected to yield 
completely uniform sots of results. The stress-corrosion 
researcher must therefore establish close control on all 
variables.
Treatment of data from s.c.c. experiments must be 
carefully considered. The most common quantitative figure 
obtained is the endurance figure or T^ value and this 
normally appears on a graph as a mean of four or fiye test 
results. The "standard deviation", o, indicating the 
degree of spread of data on either side of the arithmetic 
mean, is a useful statistical figure for comparison with 
other data. This is mathematically calculated by
The number of representative specimens for a useful 
statistical treatment should not be, for practical 
reasons, too great. It must be expected, however, that in 
some tests premature failure of several specimens may
where o  = standard deviation.
d = actual deviation of a given 
point from the arithmetic 
mean.
n = number of results.
occur compared to a much, longer life shown by the
(147 148)remainder. Booth and others v r’ ; in a statistical
treatment, concluded that the most representative
endurance from a set of s.c.c. results is given by the
geometric mean. Other detailed statistical treatments
('149')related to corrosion testing have been given by Evansv 
de S. Brasunas ^^0) Eldridge (^^0.
6. SUMMARY: THE NEED FOR FURTHER WORK
The most certain single fact to emerge from the huge 
accumulation of largely disjointed experimental detail in 
this field is that the overall s.c.c. mechanism is a 
function of metallurgical substructure and electrode 
kinetics. In accounting for the initiation and propagation 
of stress-corrosion cracks, the basis of the controversy 
in the experimental conclusions concerns the relative 
emphasis placed on strain and electrochemistry as 
predominant or controlling factors in the various stages 
of the mechanism. At one end of the scale are grouped 
those mechanisms based on the effects of metallurgical 
parameters such as heat treatment and alloying composition 
which produce grain boundary paths, conducive to stress- 
dorrosion crack propagation because of their different 
electrochemical nature to the grains: here, stress may
only play a kinetic role in maintaining a clear route to 
the crack tip. At the other end of the scale, it is held 
by Uhlig and his school that electrode kinetics merely 
provide the species for adsorption onto a crack tip which 
propagates in a brittle fashion due entirely to stress.
An attempt is made below to summarise some of the postulated 
roles of stress and strain (assuming the completion of a 
crack initiation process). Thus, a tensile stress may:-
1. Induce precipitation at grain boundaries and 
provide susceptible paths for selective electrochemical 
dissolution. Electrochemical propagation
2. Cause a marked depolarisation of the anodic
reaction due to strain at the crack tip and promote rapid 
corrosion by lowering the activation energy for dissol­
ution and increasing the number of active sites. 
Electrochemical propagation (^0,25,26)^
3. Pull open the crack to allow replenishment of 
corrodent at the tip thus overcoming concentration 
polarisation by a stirring effect. Electrochemical 
propagation stimulated by stress ( ^ ’53) #
4* Rupture passivating films in the crack and 
maintain an active surface for attack, i.e. a dynamic 
film formation and breakdown process in which electro­
chemistry and stress are of equal importance. 
Electrochemical propagation (27*54)#
5. Open a crack when vigorous electrochemical
attack has ceased at a barrier, or propagate brittle cracks
which stop by plastic deformation until re-initiated by
electrochemical attack. Mechanical-electrochemical 
propagation 14,28,30,103).
6. Give rise to dislocation migration to grain 
boundaries to form pile-ups and emergent slip steps 
(possibly associated with important solute atoms such as 
carhon and nitrogen). Propagation is either due to 
electrochemical effects associated with these phenomena or 
by a Uhlig mechanism (28,29)#
A reproducible sequence of steps probably of fixed 
duration operates during each s.c.c. test which results in 
failure. These are (i) induction period, (ii) transition 
period, (iii) propagation and fracture period. The 
induction period is highly important in the overall 
process and factors which greatly extend this period or 
prevent its happening will prevent subsequent cracking. 
Eactors which intensify or overridp its role (such as 
notching the test piece) will accelerate Tf. The length 
of the induction period may or may not be long with 
respect to the subsequent stages in the mechanism. In the
transition period crack embryos of critical proportions are 
(or have been) produced as the result of period (i) on 
the ’’conditioned'' stressed metal surface. These incipient 
cracks or "stress-raisers" are then propagated by a 
mechanism which may not necessarily be a duplication of 
the events of the induction period.
Although several authors have related the induction 
period in nitrate cracking to film formation on the metal 
surface (and this view is possibly correct considering 
the specific nature of the nitrate ion) none suggest in a 
tangible form how the first embryonic crack is produced. 
Neither has the stress requirement during such an 
induction period been adequately discussed. The concept 
of "immunity” must be carefully examined to distinguish 
between inherent or metallurgical immunity and an 
extended induction period or metastable immunity. This is 
one danger in accepting inflexible immunity thresholds 
such as 200 hours in mechanism research.
Present theory cannot satisfactorily suggest how a 
crack embryo, which barely differs from a corrosion pit 
such as that produced by the s.c.c.-inhibiting chloride 
ion, can be propagated whereas the latter cannot. The 
intergranular crack propagation has, to date, been the 
most difficult part of the nitrate cracking process to 
investigate in situ experimentally, thus a large gap 
also exists in our knowledge in this respect. Prom the 
electrochemical propagation aspect, the inherent high 
energy of the grain boundary might account for some attack, 
but ultra pure ferrite is immune to s.c.c. - though 
possibly an unstable immunity considering the small 
amounts of interstitials required for cracking. Long and 
Uhlig have provided an important clue to the mechanism in 
showing that specific heat treatment can bring about 
immunity and variations in susceptibility at will 
(although these results can be interpreted in several 
contrasting ways). Work is therefore needed to dissociate
the mechanical or metallurgical, and electrochemical 
significance of such results. Finally, experiments are 
needed to show the relationship between induction period 
processes and crack propagation processes, being aware of 
the environmental difference (e.g. in pH) between a crack 
tip and a grain surface.
Thus, definite critical factors are responsible for 
s.c.c. from the instant of immersion, these factors being 
involved in various reactions which proceed either 
simultaneously or in rapid cyclical succession at critical 
rates. The use of alloying additions to a basic 
susceptible metal which can impart both greater 
susceptibility and inherent immunity, together with studies 
on unstressed specimens allows the isolation of those 
factors which are duplicated in non-s.c.c. systems and 
are therefore not critical operative factors. This is 
the approach of the present work.
7. OBJECTIVES OP THE PRESENT WORK
The stress-corrosion life of a high purity iron
specimen appears to be divided into an induction period
(11)
and a crack propagation period v . Por both to occur, 
the combination of (i) an inherently susceptible metal 
and (ii) a damaging environment must be present. The 
approach to an understanding of the mechanism for any 
system may therefore be arbitrarily divided into metall­
urgical and environmental studies. In the former and more 
popular approach, a standard environment is adopted in 
which specimens in various states of composition, heat 
treatment, cold work, surface condition and stress are 
immersed. Thereby, the physical and metallurgical 
requirements for crack sensitive paths may be elucidated 
although more often than not a complete mechanism cannot 
be arrived at. In the complementary approach, basically 
two materials are required - one susceptible and the 
other non-susceptible to a cracking solution.
The environment may then be assessed for the general 
corrosiveness of the stress-free materials, aiming for a 
correlation between this and the observed s.c.c. 
behaviour followed experimentally by potential measure­
ment and control apparatus. Variation of electrochemical 
parameters which are often neglected may change the nature 
of attack and-perhaps mitigate s.c.c. and therefore 
provide clues. The film formation, rupture and repair 
mechanism which has been considered by most workers, 
though rejected by some, is directly related to the 
electrochemistry of the environment and may be 
conveniently probed by this type of study.
In the field of high purity iron nitrate cracking 
provocative results have been obtained to date but an 
environmental approach must be considered as s.c.c. 
involves a delicate and inextricable balance between 
metallurgy and electrochemistry. By this method of study 
it is hoped in the present work to achieve the main goal, 
which is a hypothesis for the overall mechanism of s.c.c. 
in sensitised high purity iron and some special alloys 
and provide a mechanism which will stand up to 
experimentation and the literature.
The mechanism must account for :
1. The significance of the induction period in the 
overall failure process, and the role of stress in this 
period.
2. . Subsequent crack propagation.
This work embraces the following studies :
1. An attempt to correlate general corrosion in 
the unstressed state with s.c.c. behaviour in the specific 
environment from potential measurements and other data.
2. A correlation between s.c.c. in a given 
cracking environment with basic mechanical properties 
for materials with varying inherent susceptibility.
3. The effect of various environmental variables 
such as cation, temperature, and concentration on s.c.c. 
propensity.
4. The effect of ionic additions which modify the 
environment in such a way that firm conclusions may be 
made as to the nature of the rate-controlling chemical 
reactions at the metal surface up to and during cracking, 
and the requirements of the damaging species•
5. Consideration of the relative importance of 
stress and electrochemistry at all stages in the test 
lifespan.
The work will also :-
1. Suggest a means for achieving stable (inherent) 
immunity in an iron-based material as opposed to absence 
of s.c.c. due to environmental contamination.
2. Question the validity of previous nitrate 
cracking tests which have been embarked on without con­
sideration of the environmental aspects of the problem 
(such as the significance of marked intergranular 
corrosion of unstressed specimens) in any detail.
3. Suggest an alternative approach to s.c.c. 
testing.
8. EXPERIMENTAL INVESTIGATION
8.1. Material Selection
For correlation with recent work in this field aimed 
at mechanism explanation, the basic material requirement 
was a high-purity iron with carbon and nitrogen contents 
sufficiently low that (i) there should be no gross carbide 
or nitride precipitation at grain boundaries on quenching 
and tempering (ii) it should be susceptible to s.c.c. in 
the established 60% Ca(N0^)2 + 3% NH^NO^ + 37% H20 boiling 
environment in some particular state of heat treatment.
A vacuum-melted iron satisfying these requirements was 
supplied by B.I.S.R.A,, Sheffield. The composition of this 
material, reference number S1168,is given in Table 8.1.
Some experiments were made with a limited supply of
(11)the R.T.B. high purity iron used in a previous study v , 
which had a lower interstitial content, for comparison of 
s.c.c. behaviour. It was also necessary for the present 
investigation to make use of the R.T.B. Fe/1 wt% Mn alloy 
(Fe/1Mn) used by Long owing to its unique susceptible
-"immune” transition on tempering, and similarly the R.T.B. 
Fe/1 wt% Cr alloy (Fe/1Cr) because of its proven 200 
hour resistance to the boiling nitrate mixture. The 
compositions of these materials are also presented in 
Table 8.1.
8.2. Specimen Preparation
The s.c.c. test-pieces for this investigation were 
cold-rolled strips of dimensions 1-jp x ^16" x 0.035” •
S1168 was received as hot-rolled strips approximately 
15” x 3 i "  x 1/10”, thus the sequence of specimen 
production from these strips was as follows
1. Shot-blasting to remove mill-scale.
2. Cutting into strips approximately 6” x 1-J-".
3. Heat treatment at 650°C for one hour (covered in 
"Berkatekt 1” paste to prevent scaling). This treatment
was necessary in order that-the iron could he cold- 
rolled 65% without fracture. The comparatively high 
oxygen content of this iron (0.05%) tended to give rise 
to intergranular brittleness without correct heat 
treatment.
4. Edges lightly ground to remove oxide.
5. Strips cold-rolled to 0.035"•
6. Guillotining transversely to the rolling
9/ 3/direction to pieces approximately 16" x ■/'16n x 0 .0 3 5
7. Surface grinding to final dimensions, maintain 
ing a close tolerance on length (owing to the method of 
fixing the stress in the s.c.c. test).
Fe/1Mn and Ee/1Cr were available as finished test- 
pieces of equivalent dimensions to S1168. R.T.B. pure 
iron was finished by stages 5, 6, and 7*
8.3* Heat Treatment
After machining, all test-pieces were annealed at 
950°C and cooled by water-quenching (WQ). This was 
effected by tipping the specimens into a five litre 
beaker of cold water positioned just below the furnace 
tubes. Further tempering at temperatures ranging from 
500°C to 700°C for up to 1 hour followed by air-cooling 
allowed manipulation of s.c.c. behaviour for a given 
environment. Heat treatment was carried out in two 
alumina-tube furnaces under a pure argon (99*995%) 
atmosphere. Batches of five specimens at a time were 
held in the 3” hot zones in recrystallised alumina boats 
Temperature control was to ± 2°C by Pt/13%Ft-Rh thermo­
couples connected to Efcher "transitrol" regulators.
8.4. Determination of Mechanical Properties
The usual tensile properties of the materials under 
investigation were measured using a bench-type belt- 
driven Hounsfield Tensometer. Standard dimension s.c.c. 
test-pieces, pickled after heat treatment, were held in
"quick-grip" chucks which successfully prevented slipping.
Grain dimensions in the transverse and longitudinal 
directions were measured with a travelling microscope.
8.5* Environment Preparation
Nitrate cracking laboratory environments have mainly 
been selected in the past on an ad hoc basis. Cations and 
concentrations have never been standardised, although the 
60% Ca(N0^)2 + 3% + 37% H20 mixture (boiling at
110°C) has been adopted by many as a standard environment 
for accelerated testing. Table 8.2. indicates the diversity 
of solutions which have been used for s.c.c. tests by 
several workers to date.
For consistency with the majority of published work in 
the field and the recent thesis on the present materials 
the acidic Ca(N0^)2 and NH^NO^, and neutral NaNO^ 
solutions were adopted. Corrodents were made up 
generally as solutions of fixed normality, mainly 5N 
(boiling at 105°C), by the usual volumetric methods with 
distilled water of pH 6.4-6.6. Equivalent solutions were 
used in order to assess the effect of the cation on s.c.c. 
behaviour.
pH was measured with an E.I.L. direct reading pH 
meter. Ca(N0^)2 was available as laboratory reagent grade 
Ca(N0^)2.4H20 ; NH^NO^ and NaNO^ were analytical grade 
chemicals. All other chemicals used in the investigation 
were of analytical reagent quality.
In general, test solutions were non-de-aerated.
8.6. Stress-Corrosion Testing
8*6.1. Design and Operation of the Straining Rigs
The stress-corrosion testing apparatus for the study 
was developed to satisfy several requirements, viz. (i) 
stress should be sufficient to cause cracking in a 
reasonably short period with the type of specimens used,
(ii) cracking should continue through to fracture, (iii) 
the period of immersion to fracture (T^) could be 
recorded, (iv) boiling solutions could be used over a 
period of time, and (v) reproducibility should be 
acceptable.
The principle of the adopted design is the 
establishment of an initial set deformation to the spec­
imen, prior to immersion, as a V-bend formed by three- 
point loading thus inducing a high tensile stress in the 
outer fibres of the test piece apex. Once cracking begins, 
the stress at the crack root is intensified by a 
compression spring. Cracking is allowed to continue 
through to final fracture,- the T^ value being recorded at 
some point during fracture.
The apparatus, which is illustrated in Figures 8.1. 
to 8.5* combined an all stainless steel straining unit 
with a glass reflux condenser and solution containment 
unit (Figure 8.1.). The straining unit comprised a 
specimen carrier or rest, a loading rod, and a loading 
head. The specimen carrier was a C-shaped strip welded 
to the base of the loading rod sheath (dimensions of 
which were 9mm O.D. x 6mm I.D. x 17-J-" long). Thus the 
loading rod slid inside the sheath and through a hole 
drilled in the specimen rest (Figure 8*3*)•
The dimensions of the loading rod were 5mm dia. x 17" long. 
The loading head was held to the top of the sheath by a 
4BA screw and was tapped to take a 2BA loading screw 
which turned with the aid of a tommy bar. A small 
compression spring was sandwiched between the machined 
ends of the loading screw and loading rod (Figure 8.4.). 
Thus on turning the loading screw,load was transmitted 
via the fully compressed spring (which exerted 9-9-J- lbs 
load in this state) to the loading rod. The tip of this 
rod, which was ground to take a pointed porcelain 
insulator, pushed a specimen placed on the carrier into a 
V-shape of fixed span (Figure 8.3*).
The failure time recording assembly depended on a 
lever-operated microswitch attached to the loading head, 
operating by an adjustable 6BA screw fitted into a side 
arm of the loading rod. The electrical circuit of the 
rigs is shown in Figure 8.5* which illustrates the 
operation of. the fracture-recording devices. Sufficient 
further bending of the specimen compared to the initial 
setting of the span would put out an indicator lamp and 
stop a digital elapsed-time minutes counter.
The outer sheath and its assemblage was inserted 
into a hollow "Quickfit” condenser having a ground joint 
connection to the solution vessel lid. Removal of this 
lid in the complete assembly simultaneously exposed the 
corrodent and the specimen carrier. The vessel was a 
700 ml pyrex round-bottomed container, resting on an 
"Electrothermal” heating mantle controlled by a "Sunvic" 
energy regulator.
Only specimens with a slight initial set could be 
introduced into the carrier when the porcelain tip to the 
loading rod was in position; therefors, prior to loading, 
the strip specimens were slightly bent to a span of 
1^^32" in a small jig (Figure 8.6.). This device 
ensured that in all specimens the region of maximum 
tensile bending strain after full loading was identical. 
Without this jig (i.e. with manual initial bending) the
final tip radius could vary widely.
Operation of the s.c.c. rigs was as follows
1. The prepared specimens were given the initial 
permanent set.
2. Using rubber gloves, the specimen was sprung
into the rest with the loading rod relaxed.
3 . The loading rod was depressed by the screw until 
the specimen was deformed plastically corresponding to a 
change in span from 1-J” to 1 ^ 4 ” or 1^16", as desired. 
This final span was set as accurately as possible using 
dividers.
4. The lid assembly was fitted to the flange of 
the vessel containing the pre-heated environment.
5. The electrical timing circuit was engaged and 
the microswitch adjusted with the screw in the loading rod
arm to break the visual and clock circuits under a slight
depression of the loading rod.
8.6.2. Advantages of the S.C.C. Testing Rig
1. The apparatus allowed the use of small,
relatively easily prepared strip specimens.
2. Failure by s.c.c. was easily visible and timed.
3* The mechanism incorporated few moving parts and
was simple to operate.
4. The assembly took up very little roorn^  thus over 
twenty rigs could be in use simultaneously, allowing a 
good statistical treatment of results.
5. Both specimen and corrodent were clearly 
visible during a test.
6. The integral reflux condensing system allowed 
extended boiling tests to be made.
7 . The assembly could be easily modified for more 
sophisticated tests.
8. The rigs could be used to hold unstressed 
specimens.
8*6.3* Limitations of the S.C.C. Apparatus
Limitations mainly manifested themselves as poor 
reproducibility in Tf until overcome, Such scatter was 
mainly due to
1. Sticking of the loading rod in its sheath due 
to long-term accumulation of corrosion product from the 
environment: apparatus was kept clean.
2. Friction of the moving specimen on the carrier 
edges or insulators during cracking: carrier edges’were
chamfered and polished.
3* Galvanic attack between the stainless steel 
carrier edges and the specimen, occurring with very- 
corrosive salts such as NEyiOj : eliminated by the use of 
alumina or porcelain pads.
4. Difficulty in measuring spans very accurately 
from test to test: this could be easily overcome by 
shortening the loading rod screw such that its maximum 
travel corresponded to the desired span.
5. The possibility of introducing compressive 
stresses in the outer fibres of the specimen if spring- 
back was allowed.
6. Backlash in the microswitches because different 
rigs required varying specimen movement for indication of 
"fracture": backlash was taken up on completing the micro­
switch circuit by releasing the microswitch lever until 
the circuit was oust about to break.
Thus, the basic criterion of susceptibility, T^, was 
obtained from a generally simple and reproducible technique.
8.7* Modifications to Basic Procedure
8.7.1. Investigation of Environmental Parameters
De-aeration and oxygenation were effected by the use 
of a fritted disc under the specimen entering the vessel 
through a multisocket lid. Similarly, stirring and 
temperature measurement with thermocouple or thermometer 
were carried out in the same way. Constant temperature 
tests just below boiling point were possible by supporting 
the assembly on an electric steam bath which maintained a 
temperature of 92-93°G inside the s.c.c. testing vessel.
8.7.2. Measurement of Specimen YioSdjng
Specimens underwent further strain after loading in 
a test at temperature as a result of either microcreep 
(strain-aging) or crack propagation. A measure of bending
strain at the stressed apex was provided by measurement of 
the deflection of the central loading rod, due to 
reduction in span, with a sensitive dial gauge 
(1 division = 0.01mm or 0.0005”)* The arrangement is 
shown in Figures 8.7* and 8.8. A conventional loading 
head was modified to hold the dial gauge in position on 
the sheath; the dial gauge plunger rested on an 
adjustable screw in a post brazed onto the loading rod 
side arm. This assembly was not susceptible to vibrations 
around the rig. To eliminate sliding friction between 
the specimen and the carrier edges, the bent test-piece 
rested on small alumina pads which took up the lateral 
movement during straining by pivoting.
A second type of straining jig was made to stress the 
strip specimens in two-point loading (Figure 8.p.). The 
dial gauge was directly activated by the loading rod 
deflection in the same way as the conventional rig. In 
this rig, of course, loading rod deflection was parallel 
to the direction of span reduction. Thus, two equivalent 
gauge readings for the two types of rig represented 
different strains.
The two-point loading system was adopted mainly to 
eliminate the sliding friction between the specimen and 
carrier edges inherent in the conventional three-point 
types. Clearly, in monitoring crack propagation, it was 
essential to know whether changes in rate were a 
manifestation of this type of friction or due to s.c.c. 
mechanism phenomena.
Some advantages of the method and precautions taken 
were as follows :-
1. Direct recording of movement due to cracking was 
possible, thus providing a direct measure of the length
of the induction period, and crack propagation rates.
2. Contact between the loading rod and its sheath 
was avoided and possible friction overcome by finely
polishing the loading rod and internal sheath longitudinally 
together with the carrier edges, and lightly coating with 
colloidal graphite.
3. Possible frictional contact between the loading 
rod and sheath owing to off-setting under the pressure of 
the dial gauge (0.25 lbs fully compressed) was prevented 
by applying the gauge as close to the centre line as 
possible.
4. Deflection on the gauge from expansion of the 
metal parts was overcome by not taking readings after 
immersion until the gauge had settled (usually about 30  
seconds).
5. Use of the dial gauge for following cracking 
highlighted two inherent defects in the conventional 
testing rigs, e.g. the widely varying backlash in the 
microswitches, and the possibility of occasional sticking 
between the loading rod and the sheath.
8.8. Estimation and Control of Corrosion
8.8.1. Estimation by Weight Loss Measurements
Drilled and weighed specimens were suspended from a 
glass "tree” by jans'-covered wire in batches of up to 
eight and immersed in the corrodent contained in a normal 
700ml vessel under reflux. After the period of corrosion, 
specimens were removed and held under a tap, gently rub­
bing with a rubber bung to remove loose corrosion product, 
then driad and reweighed to four decimal places,
8*8*2. Estimation by Tensile Tests
Change in tensile properties of unstressed specimens 
by corrosion was measured on the bench-type Hounsfield 
Tensometer using s.c.c. specimens which had been cleaned 
as above after immersion in the boiling environment.
8.8.3. Potential/Time Curves
Change in corrosion potential of a specimen with 
time against a reference electrode was followed with a 
chart-recording potentiometer. The potentiometer was a 
"Telsec" self-balancing type, the principle of which is 
to compare the potential to be measured with a standard 
across a slide wire and amplify the resulting error 
signal, which is fed to a servomotor operating a pen 
drive. Pull scale deflection was 0.6 seconds over a 
potential range of 3mV to 5F.
8.8.3.1. Keference Electrodes
Potential measurements were obtained against the 
saturated calomel electrode; thus, in the remaining text 
electrode potentials are given as (x)mV. Owing to the 
poor temperature coefficient of the saturated calomel 
electrode, a 700ml vessel was modified to incorporate a 
glass reference probe with a sintered end, which was 
positioned close to the specimen in a test. This probe 
was connected to an extension, and both, together with 
the reservoir, were filled-with the same solution as the 
test environment (Figure 8.10.). No attempt was made to 
eliminate or measure liquid-junction or thermal e.m.fs.
Experiments with unstressed iron electrodes of equal 
composition as the test piece but coated with a "stable" 
film produced by up to 3 days immersion in the boiling 
environment, showed them to be of no use for obtaining 
potential/time curves for comparative analysis owing to a 
marked potential drift and potential fluctuation against 
the saturated calomel electrode (Figure 8.11.) (also 
throwing some doubt on-previous work relying on this type 
of reference specimen).
8.8.4. The Potentiostat
This instrument was used for impressing desired 
cathodic and anodic potentials and plotting polarisation 
curves. A potentiostat is basically a D.C. generator in
which a pre-set output voltage is controlled by a feedback 
loop in order to maintain this constant voltage between 
two ends of a load circuit. The potentiostat for this 
work was a "Tacussel" ultra rapid response (2-3 ^ secs)
unit with an output voltage of 0 ± 5V (vs s.c.e.) hand­
ling currents up to 3A. For corrosion studies, the out­
put terminals were connected to an electrolytic cell 
fitted with three electrodes: the specimen (or working
electrode), a saturated calomel reference electrode, andp
a large area (3 0  cm ) platinum dish electrode to supply the 
balancing current. The reference probe was of the Luggin- 
Haber type^ held < 1mm to the flat specimen surface (or 
stressed specimen apex) to reduce ohmic effects.
Certain ancilliary equipment was also necessary :
/
1. Logarithmic amplifier: thj/s unit produced an 
output voltage proportional to the logarithm of the input 
current, thus allowing the direct plotting of Tafel slopes 
in conjunction with a "Graphirac" chart recorder.
2. Potential scanner ("Servovit"): this allowed the 
automatic plotting of single or multidirectional 
potentiodynamic polarisation curves between any desired 
upper and lower limits at various scan speeds. For this 
work, potential was changed at a constant 20mV/min in the 
anodic direction.
A schematic arrangement of the equipment and electrical 
connections is shown in Figure 8.12.
8.8.4.1. Potentiostat Cell
A cell was designed to allow potentiostatic control 
under the following conditions :
1. Various environmental temperatures including 
boiling.
2. Specimens in the stressed or unstressed state.
3. Fracture recording possible.
4. Stirring, de-aeration etc.
Specimens were insulated by alumina pads from the 
straining apparatus, which was itself coated with 
several layers of "Lacomit" stopping off lacquer, and 
did not affect the corrosion current. Electrical 
connections to the specimen were made with either insulated 
platinum or pure iron wire; the latter, however, tended 
at times to corrode and break away at the specimen.
The arrangement of the cell is shown in Figures 8 .13. 
and 8.14.
8.8.4.2. Precautions
1. Potentiostat leads were screened to eliminate
induction effects from surrounding equipment.
2. Earth loops were avoided.
3. The platinum electrode was maintained well away
from the specimen with respect to the calomel probe/
specimen gap.
8.9* Specimen Examination
8.9*1* Optical Metallography
After termination of a test, specimens were viewed 
initially through a x10 eyepiece for examination of grain 
boundary and general attack. For examination in the 
light microscope, specimens were mounted in clear plastic, 
either as-removed from the rig or further manually bent to 
exaggerate any fissuring attack. Polishing was on wet 
emery papers and diamond wheels. Etching was in 2% Nital. 
Repeated sections were obtained by using a grooved specimen 
mount in conjunction with a tongued microscope slide.
8*9*2. Scanning Electron Microscopy
Because of the wide range of magnification, large depth 
of focus, and ability to take large areas of specimen 
requiring no special preparation, the Cambridge Instruments 
"Stereoscan" scanning electron-micro scope was used as an
ideal tool for the examination of grain boundary attack, 
and the examination of film formation and breakdown on the 
surface. Specimens were cut to 1cm. in length (in the 
case of bent test-pieces removed from the rigs, a piece of 
1cm span was taken from the vicinity of the stressed apex). 
These specimens were cleaned and degreased, stuck to 
aluminium mounts, and in some cases coated with gold/ 
palladium non-directionally before viewing at 30kV in 
order to improve resolution.
9o MECHANICAL PROPERTIES OF THE IRON-BASED MATERIALS
9 • 1 • Tensile Tests
The tensile properties of quenched and tempered 
S1168, Fe/1Mn in both the as-quenched and further 
tempered conditions, and quenched Fe/1Cr were measured 
at room temperature on the Hounsfield Tensometer. Pickled 
standard dimension s.c.c. specimens were used, ruled with 
a one inch gauge length. The use of such test pieces 
was considered legitimate for a comparison of tensile data 
for the materials. Two specimens for each material or 
condition were tested in order to assess any scatter due 
to their unconventional shape; in each case the pairs of 
results were consistent.
The usual tensile values calculated from the 
Tensometer charts are given in Table 9*1* It is note­
worthy that S1168, water-quenched from 950°C and tempered 
for 30 minutes at 530°C, exhibited a small region of 
Luders strain at the elastic limit and possessed lower 
ductility than the R.T.B. materials, which should be 
compared as a group owing to their common interstitial 
contents. Tempering Fe/1Mn at 700°C for 1 hour (a treat­
ment shown to induce the greatest susceptibility to s.c.c. 
in this material v O  noticeably reduced the yield stress 
and increased the ductility. No R.T.B. pure iron was 
available for tensile testing.
9.2. Grain Size
Typical average grain sizes in and against the 
rolling direction for S1168, Fe/1Mn, and Fe/1Cr s.c.c. 
specimens in their chosen states of heat treatment for 
s.c.c. testing are given in Table 9*2. The longer grain 
dimension was parallel to the width of the test piece.
The grain size variation in s.c.c. test pieces of 
S1168 was higher than in the R.T.B. materials, probably 
owing to the method of S1168 specimen preparation,
involving cold-rolling the as-received strip which had an 
uneven surface from rolled-in mill scale. The preparation 
technique, however, produced a consistent specimen average 
grain size.
10. ESTABLISHMENT OF STANDARD STRESS-CORROSION TEST
CONDITIONS
10.1. Surface Preparation
These tests x^ ere performed at a time when no samples
of the high susceptibility S1168 or R.T.B. high purity
iron were available. Thus equivalent dimension s.c.c.
specimens of the susceptible R.T.B. Fe/1Ni, WQ 950°C
(equivalent interstitial content as R.T.B. iron), remain-
(11 ^ing from the experiments of Long v J were used.
It was desired to choose a reproducible specimen 
surface preparation, after heat treatment, which would be 
practically convenient and would yield reasonable 
reproducibility in a standard environment (boiling 
60%Ca(N0 ^ )2 + 3°/° NH^NO^ w/v) under given s.c.c. testing 
conditions. Several surface preparations were compared 
and the results are collected in Table 10.1. Scatter in 
T^ was most marked in the abraded specimens, varying from 
61 minutes to 7058 minutes. These values of T^ were high 
compared to the most reproducible values obtained from 
specimens pickled at 93°0 in a solution of 5% HC1 
containing at least 2mls/litre of a commercial restrainer. 
Thus pickling for four minutes after heat treatment was 
chosen as the standard method of specimen preparation for 
the investigation. After pickling, specimens were rinsed 
thoroughly in water and dried with alcohol and filter paper.
Figure 10.1. is a Stereoscan photomicrograph of the 
S1168 surface after pickling in restrained 5% HC1. It may 
be seen that the surface is finely pitted with a limited 
grain boundary etching.
10.2. Heat Treatment^ and.Strain
In a previous work, Long  ^ J demonstrated that the 
s.c.c. behaviour of quenched high purity iron-based 
materials in a given nitrate environment could be 
regulated by varying the tempering treatment. This fact 
was made use of in the present investigation where rapid 
failures (in the region of 1 hour) were practically 
desirable in order to allow a better assessment of scatter 
for several equivalent tests, but where a very short life 
combined with considerable scatter would objectionably 
mask any subtle changes in T^ due to environmental phenomena.
The alternative method of manipulating T^ for a given 
solution was by varying the initial specimen bending 
strain in the rigs. The combined effect of heat treatment 
and strain on the s.c.c. life of S1168 is shown in 
Table 10.2.
In most cases, throughout the work, V-bend spans of
5/
I "  1 6 "  were used and the standard susceptible condition for 
S1168 was produced by austenitisation at 950°C for 30 
minutes, followed by water quenching, then tempering at 
530°C for 30 minutes with air cooling. In the remaining 
text, "SUSS1 refers to the material in this condition. 
Similarly, "tempered Fe/1Mn" refers to a treatment of 
austenitisation and quenching, followed by 1 hour at 700°C 
and air cooling. Fe/1Cr was used only in the as-quenched 
state, and "Fe/1Cr" refers to this condition.
10.2.1. Microstructure
Figures 10.2. to 10.4. are microstructures of S1168 
in the as-cold reduced, as-quenched, and tempered at 530°C 
conditions. The 0.05% oxygen content of this iron was 
bound up as small spherical grey particles of FeO dispersed 
evenly throughout the material. The microstructures did 
not show any preferred location of these inclusions at 
grain boundaries or evidence of any grain boundary impurity 
films under polarised light. Austenitisation at 930°C
caused recrystallisation of the cold worked structure and 
minor grain growth, and on quenching, irregular ferrite 
grains resulted. These are termed "irregular” inasmuch 
as the grains were not equiaxed rtor of a polygonal
("IBS')
shape v ; there was no observable martensite present. 
Tempering at 530°G did not result in any change in the 
microstructure as observed in the optical microscope.
11. THE CORROSION OF HIGH PURITY IRON IN NITRATE 
SOLUTIONS IN THE ABSENCE OF STRESS
11.1. Quantitative
11.1.1. Weight Loss Measurements
Weighed pairs of pickled, unstressed specimens of 
S1168, as-quenched Ee/1Mn, tempered Ee/1Mh, and Ee/1Cr 
were immersed in boiling 5R CaCNO^^ f°r periods of 
approximately 80 minutes, 1000 minutes, 6000 minutes, and
11,000 minutesi The weight losses resulting from 
corrosion for these times are reported in Table 11.1. and 
shown graphically in Eigure 11.1.With the exception of the 
1053 minutes result, it may be noted that Ee/1Cr suffered 
less corrosion than the other materials, that at 80 
minutes the s.c.c. resistant and non-resistant materials 
were grouped together in terms of corrosion, and that at 
6000 minutes and above, the order of increasing corrosion 
resistance was equivalent to the order of increasing s.c.c. 
resistance (see Section 12.4.).
11.1.2. Effect on Mechanical Properties
Standard s.c.c. specimens of S1168 were pickled for 
4 minutes, washed and dried, then immersed unstressed for 
20 hours in various boiling nitrate environments. On 
removal from the solutions, the specimens were rinsed in 
cold water and dried with a hot air blower prior to 
testing in the Hounsfield Tensometer. Results of tensile 
tests after corrosion are presented in Table 11.2. and
may be compared with data from a specimen previously held 
at 1 0 5°C in glycerol, also for 20 hours. Damage in 
5N NH^NO^ took the form of limited intergranular fissuring 
as well as uniform shallow pitting, the grain boundary 
fissures acting as regions of high stress intensity during 
the tensile test, thus resulting in brittle intergranular 
cracking and premature failure.
11.1*3* Potential/Time Curves
S1168 and the iron-based alloys all yielded similar 
pptential/time curves in hot nitrates inasmuch as the 
corrosion potential (being a compromise at which the 
anodic and cathodic reactions proceed apace) showed a 
cathodic deviation with time. Figure 11.2*(i) is typical 
for S1168 in hot nitrate solutions. Boiling did not 
induce any further potential instability.
The maximum anodic potential was achieved on 
immersion into the solution. This was generally in the 
range -400 to -500mV. Immediately after immersion there 
was a rapid cathodic pptential increase of 50 to 100mV 
which then steadied between 35 seconds and 1 minute, 
followed by a small (10-25mV) anodic dip. Prom this point, 
potential changed in the cathodic direction steadily, the 
rate of cathodic increase slowly reducing with time.
Great significance is not attached in this work to 
absolute values of potential, whereas both the rate of 
cathodic deflection and the value of the "plateau" or rest 
potential are of interest. When plotted using a log time 
abscissa the curves showed stages of cathodic potential 
increase according to the relationship E = k log t+ C 
(Figure 11.2.(ii)). All curves showed, in the first 
20-40 minutes , three regions of linear slope designated 
k^ j, k2, and k^, respectively. The slopes k^ and k^ 
were similar and three to four times less than k2. The 
first change of kinetic occurred between t= 1-2 minutes 
and the second usually 10 minutes after immersion. The 
plotting of E vs log t curves therefore enabled a more 
precise comparison between several traces.
11.1.4. Polarisation Curves
Potentiodynamic polarisation curves for S1168,
Fe/1Mn and Fe/1Cr in their standard states of pre-s.c.c. 
test heat treatment for various solutions and environ­
mental conditions are grouped in Appendix 1. Appendix 1, 
Figure 1 shows the potentiodynamic curve for S1168 in 
both boiling and cold 5N Ca(N0^)2? The free corrosion 
potential (E ) was raised to -410 mV by boiling and
v O X  X
the maximum corrosion current was achieved at a lower 
potential. At this potential, copious amounts of brown 
corrosion product evolved from the specimen in the hot 
solution, and in the potential region -300mV to 
+200 - +300mV, grain boundary attack occurred and the 
specimen surface became increasingly blackened. In hot 
nitrates, a passivation potential (^ 3 p) was exhibited, in 
this case generally between +200mV and +400mV, where a
protective layer reduced the c.d. by a small amount to
' 2 2 approximately 5 x 10 [iA/cm . In the cold solution, the
onset of passivation occurred at a lower potential and
the covering layer was more protective, reducing the c.d.
by almost five orders of magnitude.
In hot NH^NO^ (Appendix 1, Figure 2), Ecorr was more 
anodic and attack in the higher potential regions was 
much more severe - the c.d. being of the order 6 x 10^ 
pA/cm over a xtfide potential range. A passivation 
potential existed at +350mV but the passivating film 
allowed a comparatively high dissolution rate of 10^ 
pA/cm . Specimens of S1168 removed from the potentiostat 
cell were blackened, with a much greater general (non­
grain boundary) attack than in 5^ Ca(N0^)2 and were also 
severely intergranularly penetrated.
11.1.5. Determination of Activation Energy
The rate process used in the establishment of an 
apparent activation energy for the corrosion of high purity 
iron in nitrate solution was the corrosion current
resulting from potentiostatic polarisation at a given 
anodic potential. Specimens of S1168 were immersed 
unstressed into 600mls of stirred 5R CaCNO^^ i-n cell 
and regulated at the desired temperature to ± 1°G in a 
water bath. An anodic potential of OmV was potentiostatic- 
ally applied and the log. current was continuously 
recorded for up to 10 minutes. Current increased 
hyperbolically with time, thus readings for current in 
the steady state (arbitrarily 10 minutes) were used.
Results are plotted in Figure 11.3 . The calculated 
apparent activation energies were : 4,600 cals/mole 
(30-70°C), and 1,476 cals/mole (70-105°C).
11.2. Qualitative
11.2.1. Microscopy
Except in very rare cases s.c.c. in nitrates
occurs exclusively along intergranular paths; it was 
therefore material to determine whether the hot nitrate 
environment invoked any degree of intergranular attack in 
unstressed specimens.
After immersion, strip specimens of S1168 were bent 
to a i u span in order to exaggerate any grain boundary 
attack and then examined at x10 magnification. After 
immersion for 1 hour in boiling 5R Ca(N0^)2 (initial 
pH 3*0), the surface was coated in a transparent blue-grey 
film - the etched grain structure being clearly visible 
- and the environment had become orange-grey. No observable 
intergranular attack occurred up to 100 hours immersion 
(Figure 11.4.). In boiling 5R NaNO^ (initial pH 6.9), 
after 1 hour the surface xvas dulled and apparently coated 
in a thin transparent film showing no interference tints; 
the grain structure was very clear and no apparent general 
nor intergranular corrosion had occurred. The corrodent 
was pale yellow after this time. In boiling 5N NH.N0 
(initial pH 5-0) the surface became blackened after only 
a few minutes by small black patches of corrosion product,
and on more extended immersion, a loose black magnetic 
deposit formed. The corrodent quickly became red-brown 
and opaque and the vessel walls were covered in a very 
adherent thick red-brown deposit after 30 minutes imm­
ersion. If galvanic contact arose between the stainless 
steel specimen carrier and the specimen itself, severe 
pitting occurred.
Although random shallow pitting was observed during 
the early stages of immersion, unstressed specimens in 
boiling 5N did not exhibit grain boundary pen­
etration until after 20 minutes. Attack became apparently 
stifled after penetrating up to 1/100th of the specimen 
thickness. Thus, further immersion up to 250 minutes did 
not intensify the grain boundary trenches but the general 
attack became more severe. 5280 minutes immersion, however, 
produced a slightly heavier grain boundary attack.
Examples of this attack are shown in Figures 11.5* to 11.8.
11.2.2. Comparison of Corrosion in the Iron-Based
Materials
The effect of immersion in hot 5R Ca(N0^)2 for 80 
minutes on general and grain boundary attack (c.f. the 
original pickled surface) of unstressed S1168, Fe/1Mn, 
and Fe/1Cr is shown in the-Stereosc an photo-micrographs, 
Figures 11.9* to Figure 11.12. It may be seen that the 
surfaces of the three materials appeared quite different 
after equivalent immersion. Fe/1Mn specimens, both 
quenched and further tempered, possessed similar covering 
layers. Fe/1Cr was coated with a more compact or uniform 
film than both S1168 and Fe/1Mn. In Figure 11.9*, varying 
corrosion on different grain orientations may be seen.
Grain boundaries did not suffer visible attack.(See 
Section 11.1.1.).
11*3- Summary of Section 11.
1. Extended immersion of high purity iron in 
boiling Ca(NO^)2 and NaNO^ does not result in a marked 
material loss by corrosion and there is no noticeable 
degredation in mechanical properties. Shallow pitting 
corrosion is a property of NH^NO^.
2. Potential/time curves indicate that nitrates 
produce a self-healing protective film continuously 
thickening during immersion. Potentiodynamic polarisation 
curves show the existence of a passivation potential in 
both hot and cold nitrate solutions above which a degree 
of protection is achieved. The corrosion rate is high 
over a wide potential range below 33 * in this region 
grain boundary attack may occur.
3- The surfaces of S1168, Fe/1Mn, and Fe/1Cr 
possess films of apparently different morphology after 
equivalent periods of immersion in hot Ca(N0^)2.
4.o Grain boundaries in unstressed specimens 
corroding freely even over long periods of time are not 
attacked in hot Ca(N0^)2 or NaNO^. can produce a
significant enough amount of intergranular trenching to 
bring about a degredation in mechanical properties.
12. NITRATE CRACKING IN HIGH PURITY IRON AND
IRON-BASED ALLOYS
12.1. The Physical Aspects of Stress-Corrosion Cracks 
and Crack Paths
12.1.1. Repeated Section Microscopy
A microscopic examination of stress-corrosion cracks 
in polished and etched transverse sections of s.c.c. 
specimens was undertaken in order to show :-
1. The nature of the preferred paths taken by the 
cracks.
2. The physical features of the cracks.
3. Other phenomena such as crack branching and 
evidence of electrochemical attack within the crack.
S.c.c. occurred transversely across the whole apex 
of the strip specimen, the crack front propagating inwards 
in the stages leading up to failure (Figure 13.14.).
Thus an intergranular "crack" is, in a three-dimensional 
sense, the net result of attack around a grain in a 
direction normal to the applied stress. In a completely 
fractured specimen other incompletely propagated systems 
were sometimes found adjacent to the central fractures.
The depth and density of these secondary cracks was in 
direct proportion to the strain along this edge, but they 
were generally insignificant compared to the main failure- 
inducing crack.
Repeated sections through a specimen mounted on edge 
in perspex were made in order to build up a three- 
dimensional picture of crack development at the stage 
where the specimen xvas arbitrarily withdrawn from the 
environment before T^ was indicated. Figures 12.1.-12.10. 
are successive views of one particular area of attack in 
a quenched R.T.B. high purity iron specimen, removed 5 
minutes before expected failure (1 hour)in boiling 
60% Ca(N0^)2 + 3% NEJ N^O^ . Between each view the specimen
was lightly ground on 120 emery paper, then repolished and 
etched: this treatment removed 0.2-0.5mm of material. 
Similar results were obtained for S1168.
Bearing in mind the difficulties of interpretation 
in a three-dimensional sense, the most noteworthy points 
revealed by repeated sectioning were as follows :-
1. Cracking was specifically intergranular: the 
net direction of cracking was in a plane perpendicular to 
the direction of the applied stress. Some branching had 
occurred, and quite often apparently "available" grain 
boundaries had been ignored.
2. The highest energy grain boundaries (as determ­
ined by the intensity of the Nital etch) were not 
necessarily those along which cracks propagated.
3* Few cracks possessed pointed tips; thus, two 
possible interpretations of appearance exist:
(i) A crack had halted after a continuous and 
undeviating period of propagation, subsequently 
undergoing a period of general corrosion at the crack 
tip resulting in a rounded cavity. Either sim­
ultaneously or later, a fresh crack would begin to 
develop into the bulk along a new intergranular path;
(ii) Cracks had propagated with rounded tips, or, in 
other words, the rounded tips were evidence of the 
cause of propagation.
4. The crack faces were black.
5* On polishing completely through, it was found 
that the leading crack front maintained a uniform depth 
into the specimen.
12.1.2 Examination of Fracture Surfaces
A specimen of S1168 was loaded into a s.c.c. rig 
containing boiling 5^ CaCNO^g and- tested to failure as 
indicated by the micro switch. The specimen was then 
removed snd manually torn open in the region where stress- 
corrosion cracks had not advanced, then washed and dried. 
One piece of the broken specimen was placed fracture face 
upwards in the Stereoscan microscope and viewed at both 
low and high magnifications.
Figures 12.11. to 12.16. are selected scanning 
electron-micrographs from this work showing the fracture. 
The stress-corrosion fracture surface was in fact black, 
but in the Stereoscan, viewed in a special low contrast 
"gamma” mode, the surfaces appeared light. Figure 12.11. 
shows the complete fractured section in which the exposed 
faces of the grains can be seen. In Figure 12.12., at 
higher magnification, small cracks branching into the 
metal are visible. The smoothness of the grain faces in 
these photomicrographs can probably be attributed to 
corrosion (though it is difficult to say whether during or 
after crack propagation through a given point). In 
Figure 12.13. the stress-corrosion/air fracture interface 
where the specimen was forcibly broken can be clearly
vpp&r-
seen. The fracture produced by rapid bending in the JLd v r & F  
half of the picture appears brittle, showing character­
istic "river pattern" markings but does not look 
exclusively intergranular. Figures 12.14. to 12.16. are 
higher magnification studies in which cracks propagating 
away from the main cracking plane are evident.
The FeO inclusions in this material appeared to have 
caused a small amount of attack in their periferal areas 
of ferrite (Figure 12,15.). The grain faces appeared 
slightly distorted, in some cases with rippled edges 
(Figures 12.15* and 12.16). These faces did not appear 
to show the river patterns of pure brittle fracture, nor 
the "dimples" associated with ductile fracture.
Furthermore, such features as crack arrest points and 
initiation sites were not visible; other critical 
structural features were probably masked by corrosion 
following up the crack front. Thus, these fractographs 
do not bear much resemblence to those in the published 
fracture literature.
It is noteworthy that a stress-corrosion fracture 
surface was always much more blackened than the general 
specimen surface. This was especially evident with NaNO^.
12.2. Dial Gauge Monitoring of a Stress-Corrosion Test
Stressed specimens of S1168 were tested in 
4.66N 0a(N05)2 -+ 0«34N N H ( 5 N  20:1 Ca(N05)2/KH NO^» 
see Section 13*1*5«) at 92°C in the three-point loading 
dial gauge rig. Movement on the dial gauge represented 
the net propagation of the transverse crack front (see 
Section 12.1.1.), sustained by the load of the compression 
spring. At certain intervals corresponding to various 
degrees of crack propagation, the load was removed and 
specimens were withdrawn from the solution, then removed 
from the rig, cleaned, and mounted without further bending 
in bakelite. Figure 12.17* shows the loading rod movement 
leading up to the particular degree of cracking shown in 
the adjacent photomicrographs, for various times up to 
complete fracture of the specimen (runs 1-5). These 
results are tabulated in Table 12.1. Table 12.2. shows 
additional data from dial gauge-monitored s.c.c. tests 
for S1168 in 5N Ca(HC>5)2 at 92°C.
From this work, certain points are of great interest:-
1. The existence of an induction period was 
confirmed, being a; period following immersion during which 
no observable specimen movement occurred, prior to the 
appearance of propagating cracks: the absence of inter­
granular attack in this period was confirmed by photo­
micrographs. The induction period was long compared to 
the duration of crack propagation up to the microswitch
tripping point (defined failure).
2. The end of the induction period was marked by 
the onset of smooth specimen deflection not exceeding 
several tenths of a millimetre over a period of a few 
minutes, and corresponding to a small amount of grain 
boundary attack. This period was followed by an 
equivalent, or sometimes slightly larger, deflection 
occurring in 5 to 10 seconds. Following this large move­
ment came another period of smooth deflection yielding, 
followed up by a further major deflection larger than the 
previous one. This cycle was continued to failure, the 
intensity and frequency of the major deflections increasing 
with time. The intermediate small deflections showed a 
fairly constant yielding rate.
3. The possibility existed that the slow dilation 
periods between major deflections were the result of 
marked creep owing to the high testing temperatures and 
the spring load, accelerated by the presence of a notch in 
the form of a propagated crack front. To test this idea, 
a specimen of S1168 was loaded as for a normal test in 
the three-point dial gauge rig and immersed in 5N Ca(N0^)2 
at 92°C. After the first major deflection, the solution 
vessel was exchanged for another containing distilled 
water at the same temperature: owing to the design of the 
apparatus, the gauge was undisturbed. No further 
specimen movement was recorded for 1 hour after re­
immersion, when the test was stopped. Thus the slow 
dilation periods were attributable to the nitrate solution.
12.2.1. Crack Propagation and Potential
Variation
A further test was made with a simultaneous plot of 
electrode potential for S1168 in 5^ 20:1 CaCNO^^/NH^NO^ 
at 92°C, in a txvo-point loading rig (Figure 12.18.).
The end of the induction period (and onset of slow 
yielding) corresponded to an anodic shift in potential of 
14mV, which was significant compared to the maximum 
background scatter of ±5niV. Further potential deflections 
caused by specimen yielding were difficult to dissociate 
from the general potential fluctuation of the trace, but 
the dotted lines suggest probable propagation/potential 
deflection correlations. However, forcibly fracturing more 
of the specimen by depression of the loading rod once 
cracking was advanced produced an anodic change in 
potential of 11mV. Potential then built up over a few 
minutes to the original value, presumably as the exposed 
metal was passivated.
It is significant that the observed discontinuous 
mode of crack propagation was reproducible and apparent in 
both the three and two-point loading rigs, the possibility 
of sliding friction being less in the latter.
12.3* Specimen Strain in the S.C.C. Rigs
Specimens of S1168, Fe/1Cr, as-quenched Fe/1Mn* and
tempered Fe/1Mn were each loaded as in a normal s.c.c.
8 /test into a three-pomt dial gauge rig and given a I-'" 16" 
pre-immersion span. The same rig was used for each 
material. The specimens were then immersed into glycerol 
(which had been previously boiled to remove as much water 
as possible) maintained at a temperature of 105°C ± 2°C. 
Deflection of the loading rod was Recorded over a period 
exceeding 400 hours. The results are presented in 
Table 12.3* and Figure 12.19*
Slight yielding or "microcreep" was shown to occur 
under the conditions of the s.c.c. test. It is note­
worthy that the order of increasing strain at a given 
time corresponded to the order of increasing susceptibility 
to a common environment (Section 12.4.). Specimens 
removed from the hot glycerol showed no change in weight 
due to corrosion, and only slight tarnishing of the 
original pickled surface. As no grain boundary attack or 
reduction in cross-sectional area by corrosion occurred 
in the inert environment, the microcreep effect must be 
structural.
In the Stereoscan microscope, the surfaces of 
specimens of all materials as removed from these tests 
showed no apparent physical differences to similar
5/specimens examined after pickling and bending to 1^'16,! 
span in a s.c.c. rig, but without immersion.
12.4^ Comparison of the S.C.C. Behaviour of High 
Purity Iron and Iron-Based Materials
In Table 12.4* the susceptibilities to s.c.c. of 
S1168 and the other materials under standard conditions 
are compared.
Long found that Fe/1 Mn exhibited 200 hour
immunity in the as-quenched condition, whereas tempering 
at various temperatures for 30 minutes induced various 
orders of susceptibility* Fe/1Cr was unaffected by up to 
200 hours immersion, either as-quenched or tempered, over 
a wide temperature range.
In the present study, it was found that as-quenched 
Fe/1Hn did in fact fail by s.c.c. (albeit with large 
scatter into an "immune" region) in a test continued well 
after 200 hours. Figures 12.20. to 12.22. are 
Stereoscan photomicrographs of the apex of as-quenched 
Fe/1Mh further bent to ■£-" span on removal from a s.c.c. 
test in boiling 5^ 20:1 Ca^O^^/^^NO^ after failure at 
271998 minutes. Bending opened up minor shallow crack
systems either side of the main apex fronts. There was 
also evidence of surface film cracking at grain boundaries, 
and some rupture normal to the bending direction which 
was found to be not associated with underlying cracks in 
the metal itself (e.g. Figure 12.20.).
Up to 540 hours immersion did not result in cracking 
in Fe/10r even as observed by microscopic examination in 
specimens further bent to -g-n span after removal from the 
rigs.
It is interesting that S1168, having a total 
interstitial carbon and nitrogen content of 50 ppm, was 
more than five times susceptible to s.c.c. than the R.T.B. 
high purity iron having a total interstitial content of
20 ppm.
12.5* Summary of Section 12.
1. S.c.c. of high purity iron in nitrate solutions 
is exclusively along intergranular paths under the present 
conditions of loading. As expected, the optical 
microscope does not reveal any structural features, such 
as precipitate, which can account for the selection of a 
particular boundary as a potential crack path, but it 
indicates that the mere inherent high energy of the grain 
boundary region is not a sufficient driving force for 
crack propagation. The apparent blunting of some cracks 
suggests that, at some stage during cracking, there is 
electrochemical activity.
2. From the moment of immersion in a s.c.c. test, 
an induction period, in which there is no apparent grain 
boundary attack, exists prior to the subsequent crack 
propagation period. The induction period occupies a larger 
fraction of the overall recorded T^ than the crack 
propagation period.
3. Crack propagation in S1168 is by a discontinuous 
process involving alternate stages, which produce smooth 
slow yielding under the applied load, followed by larger 
rapid deflections due to crack advancement which appear
to expose fresh anodic material. Cracking, once started, 
becomes more intensive with time as the specimen cross- 
section is reduced.
4. The s.c.c. susceptibility of high purity iron 
is substantially affected by interstitial content, 
substitutional element alloying additions and heat treat­
ment.
5* . Under the conditions of the high temperature 
s.c.c. test, microcreep occurs in the specimens. The 
degree of strain varies with substitutional element 
addition and is directly related to the susceptibility to 
a given s.c.c. environment.
13. THE EFFECT OE EIWIROlMENTAh VARIABLES ON THE
NITRATE CRACKING OE HIGH PURITY IEOH 
13*1. The Influence of the Cation 
13.1.1* Introduction
All three nitrates employed were able to induce 
s.c.c. in S1168; however, the cation influenced both the 
cracking mode and T^ to a marked degree. The results of 
s.c.c. tests with S1168 in boiling (103°C) 3^ solutions 
of Ca(N0^)2? NaNO^, and NH^NO^ are presented in Table 13*1*
Specimens removed from the rigs after failing were 
examined under a x10 lens for assessment of surface 
attack. The pattern of cracking was established from the 
x100 examination of mounted and polished transverse 
sections of specimens removed from the rigs at various 
fractions of the established mean T^.
13 * 1 * 2. Cracking in 5N CaCHO^)^
Crack propagation was preceded by an induction 
period in which no cracks were visible. A particular 
feature of s.c.c. in pure CaCNO^)^ was the relatively 
large proportion of the overall s.c.c. life taken up by 
the induction time. Specimens removed from the rigs 
and examined under the microscope revealed little general 
corrosion and no cracking up to 70-80% of the anticipated 
(mean) life. Just before failure, some sharp V-shaped 
embryo cracks were evident around the apex and eventually 
a favoured (central) crack propagated; thus failed 
specimens exhibited little cracking other than that 
immediately in the vicinity of the major crack system.
With x10 magnification, the surface film on a stressed 
test piece appeared similar to that on an unstressed 
specimen after an equivalent period of immersion, being 
blue-grey with a visible grain structure.
13 * 1 * 3• Cracking in 5N NaNO-^
Microscopical examination showed that both the course 
of cracking and the nature of general corrosion were very 
similar in NaNO^ , and CaCNO^^- slightly shorter
T^ in NaNO^ was mainly the result of a shorter induction 
period. Specimens removed from the rigs after failure 
were covered in a dull colourless film not showing inter­
ference tints and the grain structure was clearly visible. 
The fracture surface was blackened.
13-1.4. Cracking in 5N NH^NCU
The apparent stages leading to failure in NH^NO^ 
were different in many respects from those occurring in 
both Ca(N0^)2 and NaNO^. Distinguishing features were
(i) the extreme shortness of the induction period, and
(ii) the massive material loss by general corrosion.
Specimens withdrawn from the s.c.c. test after 5% 
of the expected life exhibited small intergranular 
trenches not exceeding 1/50th of the thickness. There was 
some shallow pitting but the depth of the deepest pit did 
not exceed the maximum crack depth. After 10 minutes 
(10%T^) most emergent grain boundaries had been attacked 
and the average crack length had doubled, but pitting had 
not advanced ahead of the deepest cracks. After 4-5 min­
utes pitting was seen to have increased at the expense of 
further crack growth and, in places, pits had apparently 
engulfed groups of closely-spaced grain boundary trenches. 
Next, new cracks were observed growing from the bases of 
deep pits, but by 80 minutes these new cracks had been over­
whelmed by renewed pitting attack. At fracture, very 
little incidence of cracking other than that in the 
immediate vicinity of the major system was evident and 
pitting was increasingly marked in the direction away from 
the crack system. In fact one specimen out of a group of 
eight failed by general weakening from pitting, although 
further bending showed that a central crack system was
developing.
Black adherent films formed over specimens during 
tests in NH^NO^. Patchy deposits were observed after
3-20 minutes immersion - concentrated mainly around the 
apex of the bent specimen, and complete blackening of the 
stressed region occurred before 30 minutes.
The sequence of events during cracking in NH^NO^ 
as outlined above is depicted schematically and compared 
on a common time scale with the cracking mode in 
CaCNO^)^ or NaNO^ in Figure 13-1.
13*1*5* S.C.C. in Mixed Nitrates
Many workers adopt calcium and ammonium nitrates 
mixed in various proportions as standard testing 
environments (Table 8.2.).
A series of s.c^c. tests designed to cover several
+-t- +ratios of Ca :NH^ ion concentration in boiling 3^ 
nitrate solutions between 5^ Ca(N0^)2 and 5N NH^NO^ 
were carried out to note, especially, the effect of small 
additions of the complexing ion, and to throw new
light upon the justification for using nitrate mixtures;
A compound solution of particular interest was 
60% Ca(N0^)2 + 3% (w/v). This environment was
developed by I*.G. Farben-Industrie in Germany for use in 
conjunction with a 200 hour immunity threshold to relate 
service failures and laboratory results ; it has since 
been used extensively as a "standard” s.c.c. environment 
for low carbon steels (Table 8.2.). In a 3N solution the
xx .4.
proportions for a 20:1 Ca /NH^ ratio correspond to
4-.66N Ca(N0^)2 + 0.34-N NH^NO^ (see. Appendix 2). For this, 
and each other ratio of Ca+*:NH^+ ions selected, eight 
specimens were tested for a meaningful assessment of 
scatter (fresh solutions being used for each test).
Results showing mean Tf and corresponding degree of 
general corrosion (as indicated by the weight change 
compared to the pre-immersion state - sooty deposit left
on) are given in Figure 13.2. and Table 13.2.
The marked reduction in both stress-corrosion life 
and scatter brought about by only a small addition of 
NH^+ ions was associated with a darkening of the blue- 
grey film on the specimen surface and the development of 
a black sooty deposit with a weight increase which was 
maintained in solutions containing up to 2N 
Below this concentration of NH^+ ions, the etched surface 
was just visible in the film but there was no evidence of 
pitting. Further replacement of Ca++ ions by up to 
3N NH^NO^ and above thickened the black corrosion product 
which covered up an increasingly badly pitted surface, 
reflected in the weight change measurements. Thus, the 
development of decreasing cracking susceptibility 
corresponded to an increase in the level of general 
corrosion and, although failures up to and including 
5N NH^NO were basically the result of a central crack 
system, much weakening had been imparted by pitting 
attack. Between 1N NH^NO^ and 4-N NH^NO^, no marked trend 
in reproducibility was evident and some specimens amongst 
each group of eight were more pitted than others. 
Significantly, the 4-.66N CaCNO^^ + 0.34-N NH^NO^
(5N 20:1 CaCNO^^/NH^ETO^) solution showed a mean T^ of
14-.5 minutes with a standard deviation in eight results 
of 4-.9* Consequently, throughout the investigation this 
solution has been used where shorter failure times and 
optimum reproducibility were required.
The potentiostatic polarisation curve for S1168 in 
boiling 5N 20:1 CaCNO^g/E^^NO^ is shown in Appendix 1, 
Figure 3> and may be compared with those for CaCNO^)^ 
(Appendix 1, Figure 1) and NH^NO^ (Appendix 1, Figure 2).
13.2. The Influence of Concentration and pH
S.c.c. tests with S1168 were carried out in boiling 
solutions of Ca(N0 ^ ) 2 over a concentration range of 0.2N 
to 14-N; pHs were not adjusted. At least five specimens 
were tested for each concentration and fresh solutions 
were used for each test. The results are given in 
Table 13*3* and Figure 13*3*
T^ decreased with increasing nitrate ion concen­
tration, reaching a minimum between 10 and 12N CaCNO^^ 
and beginning to climb very slightly towards the 
saturation concentration, 14-N. Scatter was also at a 
minimum in the 10N solution but increased with decreasing 
nitrate concentration. The initial (20°C) pH, of course, 
varied with concentration from 5*9 at Q2N to 1.3 at 12N; 
thus to ascertain whether pH or nitrate ion concentration 
was the dominating factor in controlling s.c.c. behaviour 
in this experiment, a 6N solution of pH 2.4- was adjusted 
to pH 0.6 by a small addition of HNO^. Specimens failed 
by s.c.c. in this solution in a mean time of 20 minutes 
compared to 33 minutes for the unmodified 6N solution; 
however, the amount of general corrosion was more 
intensive in the more acid solution and thinning clearly 
contributed to the reduction in T^. Addition of HNO^ to 
a 2N solution (pH 4-.5) to adjust the pH to 0.6 merely 
induced a vigorous uniform attack and brightening of the 
specimen, at the expense of s.c.c. attack.
By comparison with Figure 13* 3° it may be seen that 
the 30°C difference in boiling point across the concen­
tration range had an insignificant effect on T^ compared 
to the change in nitrate ion concentration.
13-2.1. Nitrate Ion Concentration and Crack
Propagation Rate
The T^ value is an overall figure embracing both 
the induction and crack propagation periods. When 
investigating the effects of external variables on 
s.c.c. it is important to determine whether such 
variables are affecting the induction period and cracking 
period equally or separately. Thus an environment which 
produces s.c.c. behaviour tending towards "immunity" 
might be extending the induction period indefinitely or 
alternatively slowing down the rate of crack propagation.
Thus, to determine how the nitrate ion was 
affecting crack propagation, specimens of S1168 were 
loaded into the two-point dial gauge rig and the yielding 
during crack propagation was measured for concentrations 
of Ca(N0^)2 ranging from 0.1N to 10N. To accelerate 
the test, the induction period was minimised by potentio- 
statically polarising the specimens at OmV in stirred 
5N Ca(N0 ^ ) 2 at 20°C for 20 minutes before stressing.
This treatment produced a limited and reproducible amount 
of grain boundary attack which substantially reduced the 
period prior to crack propagation; careful bending in the 
rig before the s.c.c. test did not result in extensive 
further brittle cracking.
Figure 13-4. shows the results from these dial gauge 
s.c.c. tests. Increasing nitrate ion concentration 
markedly increased the crack propagation rate (measured 
as the average yielding rate over a given period after 
the commencement of cracking), and the incubation period 
decreased with concentration in a manner similar to the 
T^ vs concentration curve.
13*3- The Influence of Temperature
700 ml vessels containing 230 mis of 10N CaCNO^^ 
(selected for its low scatter results - Section 13*2.) 
were stabilised at a particular temperature, with the 
specimen carrier immersed, by adjustment of the energy 
regulators. Achievement of a steady temperature took up 
to three days, but when stable, specimens of S1168 were 
loaded into the rigs, immersed, and the temperatures 
monitored. Generally these quickly reached the stable 
pre-immersion temperature and maintained at ±2°C. Results 
of T^ , against temperature are given in Table 13-4. and 
plotted as log T^ vs 1/T0K in Figure 13.3*
T^ increased with decreasing temperature, room 
temperature producing three failures within 21,000 min­
utes, and two non-failures inside 26,000 minutes (about 
two and a half weeks). As an Arrhenius plot, the scatter 
of results was about a straight line. The calculated 
activation energy for the overall s.c.c. process from the 
regression plot was 18.4 Kcals/mole.
The potentiostatic polarisation curve for S1168 in 
3N Ga(N0^)2 at room temperature is given in Appendix 1,
Figure 1, and may be compared with that for a boiling 
solution in the same Figure (see Section 11.1.4.).
13*3*1* The Combined Effect of Temperature and
Concentration
S.c.c. tests were carried out on S1168 at different 
temperatures in CaOTO^^ solutions of varying concentrations. 
Adopting the arbitrary immunity threshold T^ of 200 hours, 
these results enabled a diagram (Figure 13-6.) to be 
plotted showing the conditions under which s.c.c. is 
possible for this material. This diagram also shows the 
inherent danger in accepting such thresholds where a 
service material is being assessed, since failures 
occurred quite often after 200 hours.
These results also permitted a comparison of 
Arrhenius plots for solutions of different concentration 
(Figure 13-7-)- Although by no means as many points were 
taken for each composition to compensate for scatter as 
for the 10N solution, it is evident that the apparent 
activation energy for the s.c.c. process (for this system) 
is hardly affected by nitrate ion concentration within 
this particular range.
13*4. The Influence of Applied Potential
13-4.1. Stress-Corrosion Tests Under Applied
Potential
Pickled specimens of S1168, finely drilled to take 
an electrical connection, were loaded into the straining 
unit of the potentiostat cell assembly (Figure 8.13-)*
The specimen was then immersed into a solution of 
10N Ca(N0^)2 at 92°C and held at a cathodic potential of 
-1.5v for 15 seconds whilst adjustments to the cell, 
including the completion of the T^ recording circuit, 
were made. Next, the desired potential was selected on 
the "Servovit” and immediately applied to the specimen 
and T^ was recorded in the usual way. During polarisation 
a simultaneous trace of log. current was made which 
enabled the apparent c.d. over the period up to failure to 
be ohtained. Where current continuously varied, the value 
at failure was used; however, in longer tests the current 
settled to a steady value. S.c.c. tests were made at 
potential intervals between the cathodic potential 
(inducing negative current) of -600mV and the anodic 
potential of +1800mV. Fresh solutions were used for each 
test. A composite potentiostatic polarisation curve was 
thus plotted from the individual stressed specimens.
This cannot normally be achieved over the same range for 
a single stressed specimen-as fracture occurs during the 
high c.d. region of a scan.
The results of T^ and log. c.d. against applied 
potential are collected in Table 13*3* and Figure 13*8. 
Specimens not failing before 6000 minutes were arbitrarily 
considered resistant at their particular potential but 
examined for cracks. Generally there were none in these 
specimens. The reproducibility of both T^ and c.d. was 
good up to the passivation potential; above that region 
where there was some scatter, upper and lower values are 
quoted for each potential.
Figures 13*9* to 13.13- are typical transverse 
sections of S1168 removed after these tests, showing the 
nature of attack at several potentials. It may be noted 
that -230 to -150mV induced a degree of shallow pitting 
corrosion. Specimens under cathodic protection were 
covered in a light grey film but there was no initiation 
of grain boundary attack as observed by bending and view­
ing at x100 magnification. Specimens failing under anodic 
polarisation were generally severely embrittled at the 
grain boundaries (the specimen could be easily broken at 
will virtually anywhere along its length by bending) and 
blackened with corrosion product. The individual cracks 
were slightly wider than those under isolated conditions. 
At potentials where failures occurred below 15 minutes, 
the solution was rapidly discoloured with a red-brown 
thrown-off deposit in the first few minutes of the test.
On approaching T^, the current/time curve became unstable 
and, at the point of fracture, was accompanied by an 
anodic deflection of 20~50mA.
The drop in corrosion rate at E corresponded to a 
decrease in Tf of an order of magnitude. Failures in the 
passive region, where the specimen was covered in a 
partially protective oxide film, were associated with 
marked scatter, but specimens lasted over ten times longer 
than in an isolated s.c.c. test. At +1300mV, with the 
onset of anodic oxygen evolution, 6000.. minute ' immunity was 
restored*
It should he noted that the apparently higher 
dissolution c.ds. above E shown in the potentio- 
dynamic polarisation curves of the Appendix can almost 
certainly be attributed to the 20mV/min potential sweep 
method by which they were obtained (^35*136)^
Recourse to the relevant potentiostatic polarisation 
curve, therefore, would allow any degree of intergranular 
(or general) attack to be attained - even in unstressed 
specimens - by selection of the correct potential and 
polarisation time. Figures 13*14. to 13*16. are Stereoscan 
electron-micrographs shoxtfing the nature of attack and the 
development and upheaval of surface films during the 
anodic polarisation of stressed S1168 in boiling 
5N 20:1 Ca(N03)2/NUZ{_R03.
13*4.2. The Effect of Cathodic Polarisation on
Crack Propagation
It was demonstrated in Section 13*4.1. that cathodic 
polarisation effectively prevented the initiation of 
cracking. As crank initiation and propagation are 
separate processes, it was necessary to ascertain whether 
cathodic currents x^ ould stop cracking once it had started.
A specimen of S1168 was loaded into the three-point 
dial gauge rig and immersed into 5N Ca(N0^)2 at 92°C. At 
the end of the induction period the loading rod deflection 
was recorded periodically as the crack front advanced up 
to a point where a cathodic potential of -2.0V (producing 
a c.d. of lO^pA/cm^) was applied for just -under 10 minutes. 
At this point, the yielding rate rapidly reduced and 
cracking halted completely after 2 minutes. On removing 
the cathodic potential, cracking resumed at the earlier 
rate after an induction-period shortened to just over 1 
minute (c.f.-Section 13*2.1.). These results are plotted 
in Figure 13*17*
13*4.3* The Use of Anodic Polarisation to
Investigate Variations in Metallurgical 
Susceptibility to S.C.C.
Examination of the iron-based materials after 
obtaining polarisation curves from unstressed speciems, 
and after applying given anodic potentials to stressed 
or unstressed specimens yielded the following results:-
1. Where marked intergranular attack occurred in
a stressed specimen, it was also extensive in the absence 
of stress. In a V-bend specimen, the most intensive 
attack was at the stressed apex.
2. The relative degree of intergranular attack of 
the materials for a given environment and anodic 
potential was in direct proportion to the relative 
intensiveness of s.c.c.-in an isolated test (without 
applied potential), i.e. in the order S1168 >tempered 
Fe/1Mn >as-quenched Ee/1Mh >Fe/1Cr. Fe/1Cr, in fact, 
was not attacked intergranularly to any degree in the 
potentiostat over the full potential range, stressed or 
unstressed. As-quenched Fe/1Mn was attacked, but to a 
limiting depth, only when stressed. Both S1168 and 
tempered Fe/1Mn were seen to be severely embrittled when 
bent after "unstressed polarisation.
Figures 13*18. and 13*19* are Stereoscan 
electron-micrographs of a tempered Fe/1Mn specimen 
stressed during anodic polarisation. Intergranular 
trenching is quite evident together with the disruption 
of a fairly thick oxide layer. In the absence of inter­
granular attack, general corrosion took its place; thus 
Fe/1Cr was brightened by polarisation at QmV in 
5N Ca(N0^)2 , the same potential causing thinning and the 
laying down of a black corrosion product on as-quenched 
Fe/1Mn.
As suggested in previous sections, variations in 
s.c.c. susceptibility to a given environment in the iron- 
based materials could be due to variations in the length 
of either the induction period or the crack propagation 
period, or both. Assuming any variation in crack prop­
agation rate to be the result of a change in metallurgical 
condition by alloying or heat treatment, the relative grain 
boundary "sensitivities" of the materials were compared 
by recording their yielding rates ' in a given environ­
ment under equivalent potentiostatically-induced anodic 
currents. This experiment was performed in the two-point 
loading rig in boiling 5N 20:1 CaCNO^^/i^NO^. The 
results, showing the variation in induction time and 
yielding rate with composition and heat treatment are given 
in Table 13*6. and Figure 13*20. It is interesting to 
note that the comparative crack propagation rates in S1168 
and tempered Fe/1Mn corresponded to their relative 
susceptibilities under isolated tests, and the induction 
periods correspondingly agreed. Fe/1Mn in the resistant 
as-quenched condition only underwent limited intergranular 
attack, and in fact yielded mainly as a result of general 
reduction in cross section by corrosion.
Crack propagation in S1168 was, in contrast to an 
isolated s.c.c. test, smooth and continuous. Tempered 
Fe/1Mn cracked in a slightly fluctuating mode which was 
more marked under a lower c.d., suggesting that crack 
propagation was experiencing some difficulty. A three­
fold reduction in current substantially reduced the 
cracking rate.
13.4 .4 . Examination of Fracture Surface
Figures 13.21. to 13.24. are typical scanning electron- 
micrographs of a completely fractured piece of an S1168 
specimen after anodic polarisation under stress at OmV 
in hot nitrate solution. Fissures penetrated under an
apparent c.d. (calculated from the overall surface area
\ 4 / 2of the specimen) of 8 x 10 pA/cm .
There was a marked resemblance between the fracture 
surfaces due to anodic polarisation and isolated s.c.c. 
(Section 12.1.2.). Under applied potential, however, 
there was more damage to grain boundaries in directions 
parallel to the direction of stress. The higher magnif­
ication fractographs show that the grain faces were 
smoothed during or after penetration. Again the inclusions 
seem to have produced a degree of galvanic attack in the 
periferal ferrite.
13*5. The Effect of Various Salt Additions to the 
Nitrate Environment
S.c.c. tests were carried out with S1168 in boiling 
nitrate solutions to which a series of salts had been 
added.
The basic solution was 3R 20:1 Ca^TO^^/NH^NO^
(330g/l Ca(N0^)2 + 16.5g/l NH^NO^) chosen because the mean 
T^ (30 minutes) was both long and reproducible enough to 
allow any trends amidst the inevitable scatter to be 
apparent. Salts were added as solid chemicals to the 3R 
nitrate solution in 10, 30, or 100g/l concentrations where 
solubility considerations allowed it. Thus, NaOH 
precipitated sparingly soluble Ca(0H)2 (which was filtered 
off prior to testing) and additions of more than 10g/l 
NaOH were not desirable for this reason. Salts were 
chosen according to their knoxm corrosion inhibiting 
ability or direct effect on the redox potential of the 
system. Results are given in Table 13.7* and Figure 13.23.
( 52)In agreement with the work of Parkins and Usherw
(14)and Engell and Baumel s ', small additions of the 
strongly oxidising salts KMnO^, and NaNC>2
accelerated s.c.c.; hoitfever,the latter two produced a 
definite T^ inversion with increasing addition. In 
contrast, addition of urea, which decomposes ions,
increased T^ but did not completely prevent s.c.c.
The anodic inhibitors COONa and NaiyPO^, together
with Na2G0^, had a marked effect on increasing T^. So 
too did the depassivating chloride ion. As is generally 
found, addition of UaOH retarded s.c.c.
13*5*1* The Effect of the Chloride Ion
Following up the results of Section 1 3*5*9 s.c.c. 
tests were carried out on S1168 in boiling constant 
normality (5 1 0 solutions of CaCNO^^ + CaC^, and KH^NO^
+ FH^Cl with various ratios of N0^“:C1’“ ranging from 
pure nitrate to pure-chloride, thus maintaining a constant 
cation concentration. The results are presented in 
Table 13*8. and Figure 13*26.
++In Ca solutions, relatively little chloride ion 
was required to prevent s.c.c. completely, this being at 
the expense of an increased general (pitting) corrosion. 
Specimens which failed by s.c.c. did so by the usual 
propagated apex crack. Specimens removed after 4 weeks 
were finally pitted and blackened with adherent corrosion 
product but even after bending in half showed no evidence 
of grain boundary attack when viewed under the microscope. 
After a small initial decrease in T^ due to the addition 
of 0.2N NH^Cl*where failure was by cracking, addition of 
further chloride ions to NH^NO^ had the effect of 
preventing cracking even in small concentrations; but under 
the pressure of the loading rod, specimens "failed” by 
general weakening from massive material loss rather than 
by cracking. Bent specimens showed no signs of an 
advancing intergranular crack front. Thus the contrast 
in general corrosion during cracking in Ca(N0 ^ ) 2
MI, NO-, was further revealed#
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Appendix 1fFigure 7 shows the effect of 50g/l CaCl^ 
in boiling 5R 20:1 CaCNO^^/NH^jNO^ on the shape of the 
S1168 potentiostatic polarisation curve.
13*6. The Effect of Oxygenation and De-aeration of 
the Nitrate Environment
15.6.1. Oxygenation
. S.c.c. tests were carried out on S1168 in 500 mis of 
5N 20:1 CaCNOjJg/NH^NO^ at 92°C with varying pressures of 
oxygen gas bubbled in through a fritted disc positioned 
Oust below the specimen apex. To balance out the agitating 
action of gas bubbling, a mechanical stirrer was used and 
its stirring rate decreased with increasing oxygen 
pressure. Oxygen pressure was measured by incorporating 
a mercury manometer in the gas line between a flowmeter 
and the vessel. Fresh solution was used for each pressure 
of oxygen. Results are shown in Table 13..9* and Figure 
13.27* The inversion may be compared with the results 
in Section 13*5* due to K^Cr^O^ and RaRO^ addition.
13*6.2. De-aeration
De-aeration of the 5R 20:1 CaCHO-^o/MLRO., solution5 d. Ur $
was effected with high purity (<10 vpm oxygen) nitrogen 
bubbled into the solution via a fritted disc at two 
different flow rates using the experimental method 
described above. In effect,two degrees of de-aeration 
were produced. Thus, at the lowest flow rate (0.21/min) 
the s.c.c. test was carried out in a solution not 
previously de-aerated: for the test at the higher rate 
(0 .71/inin) the solution was de-aerated by bubbling nitrogen 
for 30 minutes prior to immersion, and during the s.c.c. 
test a nitrogen atmosphere was maintained above the 
solution. Results are shown in Table 13.9* and Figure 1 3 .2 7 . 
Cracking was not completely prevented but the potency of 
the solution was decreased.
13*7* Summary of Section 15*
It has been shown that environmental parameters may 
affect s.c.c. behaviour in both directions, i.e. raise 
or lower T^. Those variables which prevent or retard 
cracking (for a given temperature and nitrate ion concen­
tration) do so by one of three ways:-
(i) Inducing general attack; e.g. Cl" ion, high 
concentration of HH^ ions, low pH.
(ii) Anodic inhibition; high passivating ion
additions.
(iii) Cathodic polarisation; e.g. applied potential, 
de-aeration.
S.c.c. may be stimulated by
(i) Critically altering the oxidising power of the 
solution.
(ii) Applied anodic potential.
(iii) Anodic depolarisation; e.g. critical amounts 
of ion.
A specific summary of the results of Section 13 is 
as follows :-
1. The order of s.c.c. aggressiveness of the three 
nitrate solutions studied is Ha+> Ca++ > EH^+. This order 
is reversed for general corrosion aggressiveness in terms 
of weight loss. In Ca(E0^)2 and EaRO^ the amount of sim­
ultaneous general attack prior to failure is negligible, 
whereas in HH^EO^ pitting accompanies cracking and 
modifies the cracking mode.
2. T^ decreases with increasing nitrate ion concen­
tration, reaching a limiting value at 10-12E for Ca^O^)^* 
rising slightly towards the saturation concentration, 14-H. 
In breaking down the T^ value, the effect of increasing 
concentration is to both decrease the induction period
and increase the crack propagation rate.
3. S.c.c. follows an Arrhenius relationship with 
temperature, yielding for S1168 in 10E CaCEO^^ a n  
apparent activation energy of 18.4- Kcal/ mole. Within 
the hounds of scatter, changing concentration only 
slightly affects the activation energy.
4-. Anodic polarisation stimulates cracking, which 
becomes smoother or more continuous than in an isolated 
test. Cathodic polarisation both prevents and halts 
cracking. Only materials which are susceptible to cracking 
in a normal test will undergo intergranular attack under 
anodic polarisation, the degree of attack being in direct 
proportion to the isolated s.c.c. susceptibility.
5. Addition of salts which promote general attack 
in nitrates increase T^ or completely retard s.c.c. 
Oxidising agents at first lower Tf, then raise it with 
increasing concentration. This effect is also evident 
when the free oxygen concentration in the solution is 
increased. De-aeration has the opposite effect, as does 
the removal of EC^" ions with -urea, and salts which 
inhibit general corrosion-by a stifling corrosion 
product also retard s.c.c. The overall impression is 
therefore that the oxidising nature of the environment 
has to be quite critical for s.c.c. to occur.
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14-.1. Introduction
In Section 2 - it was shown that an induction period is 
involved in the s.c.c. mechanism in many s.c.c. systems, 
evidence for this having been obtained mechanically, 
potentiometrically, and metallographically. Although 
various authors differ in their views concerning the 
physical and chemical processes of the induction period 
in nitrate cracking, it has generally been considered to 
be a stage during which a limited amount of intergranular 
attack occurs as a precursor to the actual propagation of 
cracks•
Evidence for the existence of an induction period 
in the present work was obtained directly from dial 
gauge monitoring (Section 12.2.), and indirectly by metal­
lography (Section 13*1*)* which showed it to be a period 
prior to crack propagation during which no observable 
grain boundary attack, and therefore noticeable yielding 
occurred. As the induction period was shown to be 
sensitive to those environmental parameters which affected 
crack propagation rate, it may be presumed that, during 
the induction period, critical conditions for crack 
propagation are established, dependent on the nature of 
the chemical or electrochemical reactions at the metal/ 
solution interface. This being so it was necessary to 
investigate the following points
1• The need for tensile stress during the 
induction period.
2. How the induction periods in cracking and non­
cracking systems compare.
3. The role of passivating films in the 
induction period mechanism.
4-. What constitutes the end of the induction 
period and the commencement of crack initiation, and how 
crack propagation begins.
14.2. The Need for Stress During the Induction 
Period
Specimens of S1168 were immersed unstressed into 
boiling 5N solutions of CaCNO^^, FH^FO^, and 20:1 
Ca(F0,)o/NHyiF0._ for 20 hours. They were then removed, 
rinsed, and dried with alcohol and an air blower and 
loaded into the rigs as for a normal s.c.c. test, with 
care not to touch the surface, then immersed into fresh 
boiling solutions of equivalent composition: T^ was 
recorded. The results of the subsequent s.c.c. tests are 
given in Table 14.1.
The extended period of immersion in either CaCNO^^ 
or 20:1 CaCNO^^/^^NO^ w&s not a very suitable acceler­
ator of the s.c.c. mechanism as the subsequent lives were 
only 7% and 17% respectively below the normal mean T^.
With FH^FO^, extended immersion in the unstressed state
produced intergranular attack (see Sections 11.1.2. and 
//. 2../.
1 3 thus a subsequent s.c.c. test after immersion 
produced a rapid failure (89% reduction in usual mean T ) 
comparable with the way that pre-cracking by anodic 
polarisation substantially reduced the induction period 
(Section 13*2.1.).
These trends were also confirmed by immersing for
20 hours in Ca(F0 )g then s.c.c. testing in FH^NO^, and
vice versa. Pre-immersion in FH,.F0_ substantially reduced
\ 2 cracking in Ca(F0 ^  but unstressed pre-immersion in
Ca(N0 ^ ) 2 did not reduce T^ in FH^FO^ substantially.
Specimens were also immersed unstressed into boiling 
5F 20:1 Ca^O^^/FH^FO^ for 10 minutes (in the scatter 
band of the termination of the induction period), then 
subsequently s.c.c. tested in the same solution. On 
average, the life-was 30% shorter than the usual T^ with­
out pre-immersion. - Similarly, specimens were pre-immersed 
for 1 minute then s.c.c. tested. There was no deviation 
from normal s.c.c. behaviour within the bounds of scatter.
14.3* The Initial Period of Immersion in Cracking 
and Non-Cracking Systems
Two possible states of non-cracking were considered;
(a) no stress in the specimen, and (b) resistant 
metallurgical condition. Potential/time curves for such 
systems were compared with those for susceptible 
specimens in a given potent environment.
14.3*1* Specimen Unstressed
Potential/time curves were obtained for S1168 in the 
stressed and unstressed conditions in 5R 20:1 
CaCNO^^/^^NO^ at 92°C. These are compared in Figure 14.1. 
It may be seen that, in the stressed condition, the second 
slope, k^, of logarithmic cathodic increase was lower 
(less cathodic) and extended over a longer period, viz.
32 minutes compared to 10.5 minutes.
14.3*2. Resistant Metallurgical Condition
Potential/time curves were obtained for as-quenched
Fe/1Mn and tempered Fe/1Mn - both stressed - in boiling
5N 20:1 Ca(N0 )0/NH NO . The immersion time for both 
3 ^ 4 3
materials was about 200 minutes. On removal from the rig, 
the more susceptible specimen exhibited slight cracking in 
the metal, although not advanced enough to cause a micro­
switch indication of failure.
The curves are compared in Figure 14.2. For both 
susceptible and resistant conditions, the corrosion 
reactions appeared to be the same up to the onset of 
cracking in the tempered material (see Section 14.4.4.). 
Thus, the three separate regions of logarithmic cathodic 
potential increase possessed virtually identical slopes 
and times to change of slope.
In addition, a potential/time curve for the 
intrinsically immune material Fe/1Cr was obtained in 
5N Ca^O^^/ftTH^NO^ at 92°C, and is shown in Figure 14.3*
The shape of this curve is in contrast to those obtained 
for Fe/1Mn and S1168.
14.4-• The Significance of Passivating Pilms in the
Induction Period Mechanism
14.4.1. Analysis of Potential/Time Curves for
Nitrate Cracking under Various Oxygen 
Pressures
In the experiments of Sections 13«5* and 13*6. it 
was found that modifying the oxidising ability of the 
environment could affect significantly the s.c.c. behaviour 
of a susceptible material. This result is probably as 
much due to a modification of the induction period processes 
as crack propagation kinetics; thus, extending Section 13*6., 
potential/log time curves were obtained for each oxygen 
pressure in the environment and the various slopes and 
times to change in slope were compared. These results 
are given in Table 14.2. In Pigure 14.4. the values of 
slopes kg■and k^, and times t^ and tg (refer to 
Pigure 11.2.) have been plotted against gas pressure.
If this graph is compared with Pigure 13*27. it may be 
seen that the slope kg exhibited a general increase with 
oxygen pressure. The variation in k^ (potentials near 
the end of the induction period) with oxygen pressure 
closely followed the variation in s.c.c. behaviour as did 
the time t^ to the end of the initial kinetic. Thus it 
may be concluded that the reactions at the metal/solution 
interface occurring after a few minutes of immersion up 
to crack initiation are of great importance in determining 
s.c.c. behaviour.
14.4.2. The Effect of the Nitrite Ion in
Nitrate Cracking
As an extension of the results from Section 13*5., 
in which it was shown that increasing addition of the 
nitrite ion to a nitrate solution first decreased then 
increased T^, s.c.c. tests were carried out in various 
boiling 5N mixtures of NaNO^ and NaNOg maintaining a 
constant Na+ concentration. The results of these tests
are given in Table 14.3* and Pigure 14.5* Clearly, a
similar trend as in Pigures 13*25* and 13*27* occurred on
nitrate ion replacement by nitrite,maximum s.c.c. potency
of the solution corresponding to 4N NaNO^ + N NaNOg.
2.5N NaNC^ in the solution prevented s.c.c., and this
inhibition was reinforced by further increase in NOg“
ion concentration. To show that inability to induce
s.c.c. was not merely attributable to a low NO ~ ion
3
concentration, tests were performed in solutions of 
decreasing NaNO^ concentration from 5N: failures occurred
below 10,000 minutes in all solutions down to N NaNO^.
Potential/time curves were recorded simultaneously 
during the s.c.c. tests, and these are shown in Pigure 14.6 
replotted as E vs log t. It may be seen that (a) with 
increasing N0g~ ion concentration, the curves tended to 
more cathodic potentials, and (b) the curve for the most 
potent s.c.c. solution, 4N NaNO^ + N NaNOg, was of an 
unusual shape.
It was necessary to know whether the increase in N0g~ 
ion concentration was affecting the crack propagation rate 
in an equivalent fashion to the induction period. Thus 
for various NO^/NO^- mixtures, s.c.c. tests in the three- 
point loading dial gauge rig were carried out for plain 
pickled specimens (no artificially-induced cracks). The 
results showing the change in yielding rate with varying 
N0g“ ion concentration are given in Table 14.4. and 
Pigure 14.7* It may be clearly seen that increasing T^ , 
in the experiments of Table 14.3* was equivalent to an 
increase in the induction period together with a decrease 
in initial crack propagation rate (cracking was in fact 
discontinuous but readings were taken at relatively wide 
intervals and an arbitrarily smooth curve has been plotted) 
Solutions containing more than 3N NaNOg produced a 
maximum deflection of approximately 0.02mm after 12,000 
minutes, but-on examination no cracks were evident (see 
Section 12.3*)*
14.4.3 * The Effect of Intermittently Applied
Cathodic Polarisation on Subsequent 
S.C.C. Behaviour
The effect of a high impressed cathodic current on 
a specimen in a nitrate solution would be to set up 
highly reducing conditions in the system and thereby (a) 
reduce oxide films on the surface, e.g. according to 
Pe^O^ + 8H+ + 8e —> 3Po + 4HgO, (b) produce an excess of 
NOg~ ions in the solution according to a reaction such as
HgO + N05~ + 2e NOg~ + 20H“, and 
(c) in non-de-aerated solution, reduce dissolved oxygen.
Thus by interrupting an s.c.c. test which has 
proceeded to time X by cathodic polarisation of fixed 
duration, the effect on the subsequent period to failure 
Y (which in the absence of cathodic current would be
“ X, where T ^  is the normal mean T^ for an uninter­
rupted s.c.c. test) will indicate
1. How necessary the period X is to the 
subsequent mechanism,
2. At which stage critical environmental conditions 
have, been established during X (since cathodic 
polarisation will increase the potential passivating 
ability of the environment by increasing the ion 
concentration).
Thus, if a graph is plotted of X vs /Tfm - (X + Y^7, 
when T ^  > (X + Y), the effect of cathodic polarisation at 
X has been one of accelerating the mechanism processes; 
if T^m < (X + Y) the processes during X leading to 
failure have been retarded by cathodic polarisation. A 
simultaneous recording of electrode potential during such 
an interrupted test would show the effect of raising the 
redox potential of the environment by increasing the NOg“ 
ion concentration*
Specimens of S1168 were strained in the potentiostat 
cell in 5U 20:1 Ca(N0^)g/NH^N0^ at 92°C. Normal s.c.c. 
runs under these conditions gave a mean T^ of 35
minutes with 32-36 minutes scatter. After a period of 
immersion, X, a cathodic potential of ~0.8v was switched 
in for 30 minutes. The subsequent period to failure, Y, 
xtfas then recorded. The results are given in Table 14.5* 
and plotted as X vs / % £ m  ~ (X. + Y^7 in Pigure 14.8.
During periods X and Y the specimen potential was con­
tinuously recorded. Table 14.6. collects the change in 
characteristics of the potential/time curves due to 
intermittent cathodic polarisation at various values of X.
Por X=0, two tests were made in which (a) the 
specimen was replaced with another at the end of 30 
minutes polarisation period, and (b) the same specimen 
was used continually. Use of the blank, whereby the only 
effect of polarisation was on the solution, reduced the 
mean s.c.c. life of the second specimen by 14 minutes.
With the same specimen throughout, 30 minutes initial 
polarisation increased the mean s.c.c. life by 3 minutes. 
Por other periods of X, it may be noted that
1. At 0-4 minutes X, 30 minutes polarisation only 
increased the overall mean by 2-5 minutes.
2. Prom 5 minutes X, T^ was substantially less than 
T^m , the extent of the reduction decreasing with time up 
to 25 minutes.
3. Above 25 minutes X, T^ was increasingly greater 
than T^m
The increase in oxidising species in solution after 
polarisation for 30 minutes x^ as reflected in the potential/ 
time curve data. These results, therefore, further support 
the increasing evidence that the passivating ability of 
the environment is the mao or factor in determining the 
s.c.c. behaviour of a sensitive material.
14.4.4. Scanning Electron-Microscopy
Potential/time curves together with results from 
other sections have shown that, after several minutes 
immersion in a hot nitrate solution, iron develops a 
partially passivating oxide film, and that this film 
plays a fundamental role in the s.c.c. mechanism.
The morphology of films formed under various 
environmental conditions on stressed and unstressed 
specimens of S1168, tempered and as-quenched Fe/1Mn, and 
Fe/1Cr, was studied using the Stereoscan microscope. 
Selected scanning electron-micrographs are presented as 
Figures 14.9. to 14.27* and discussed below.
Figures 14.9* to 14.13** Unstressed Immersion
Followed by Bending
Specimens of the resistant as-quenched Fe/1Mn were 
immersed unstressed into boiling 5N CaCNO^)^ for 300  
hours, removed and dried, then bent to 1^16" span and 
examined in the Stereoscan (Figures 14*9* and 14.10.).
During the extended immersion, a thick oxide film had 
built up. This suffered brittle fracture in areas not 
apparently related to the underlying metal structure when 
the specimen was bent, together with spalling of 
relatively large patches. Thus both the grains and grain 
boundaries of the metal were exposed by the spalling and 
cracking.
After 20 hours immersion in boiling 5N 20:1 Ca(N0^)g/ 
NH^NO^, followed by bending, S1168 was seen to have 
undergone a spalling of patches of thick oxide 
(Figure 14.11.) which was similarly "random", i.e. not 
confined to metal grain boundaries. It is noteworthy that 
in Section 14.2. this treatment was shown to be only 
slightly effective in reducing the subsequent s.c.c. life 
compared to a specimen having had no pre-immersion.
Figure 14.12., however, shows the effect on the oxide 
film of immersing S1168 for 10 minutes and then bending 
to 1^/16" span. It may be seen that separation of the 
film at grain boundaries occurred. In Section 14.2., 
this treatment was successful in shortening the subsequent 
s.c.c. life by 30% compared to a normal s.c.c. test.
Immersion for 1 minute, followed by bending, revealed 
no break-up of the film over grains or grain boundaries 
in S1168 (Figure 14.13*)* In Section 14.2., the sub­
sequent after this period of unstressed immersion was 
unchanged.
Figures 14.14. to 14.17*« Fe/1Cr
Stressed Fe/1Cr specimens were immersed for a period 
of 300 hours in boiling 5N Ca(N0,)o. On removal, they 
were further bent by /8” in span prior to examination in 
the Stereoscan (Figures 14.14. to 14.16.). The oxide 
film was broken up by the comparatively small extra bend, 
and the places where rupture occurred were apparently not 
coincident with specific areas on the metal such as grain 
boundaries. Instead, cracking of the oxide was mainly 
across the specimen, approximately normal to the applied 
stress. As also shown in Figure 11.12., which was the 
result of a shorter period of unstressed immersion, the 
film developed on Fe/1Cr was apparently more compact and 
thicker than on Fe/1Mn for an equivalent immersion time 
(Figure 14.8.).
Figure 14.17* shows the -surface of an Fe/1Cr specimen 
after a 200 minute s.c.c. test* in 3^ 20:1: Ca^O^^/NH^NO^. 
Visible only after further slight bending by 1/16” in 
span were fine oxide cracks apparently not related to the 
metal grain structure, and at an angle to the direction 
of the applied stress.
Figures 14.18. to 14.21., Fe/1Mn S.C.C. Tests
Potential/time curves obtained simultaneously with 
s.c.c* tests on Fe/1Mn in both as-quenched and tempered 
states (Section 14-.3*2.) showed that the corrosion pro­
cesses during the first 200 minutes of immersion in 
similar environments were virtually identical, although 
a susceptible tempered specimen normally failed more than 
one hundred times faster than its resistant counterpant.
Figures 14.18. and 14.19* are scanning electron- 
micro graphs of the resistant material, and Figures 14.20. 
and 14.21. are of the susceptible material; all were taken 
at the apex regions of specimens removed after 200 
minutes immersion in boiling 5N 20:1 CaCNO^^/^H^NO^.
They were not further bent before examination.
In both cases, film rupture had occurred during the 
s.c.c. test. This break-up was not confined to a 
direction normal to the applied stress but was almost 
entirely coincident with metal grain boundaries in both 
cases. This is shown especially well in Figures 14.20. 
and 14.21. In the tempered material, on further bending 
the oxide opened up to reveal limited grain boundary attack 
below. In the as-quenched material there was no 
evidence of grain boundary attack by this means.
Specimens removed after only 50 minutes in the s.c.c. 
test and not further bent did not exhibit noticeable grain 
boundary film rupture.
Figures 14.22. to 14.25*? Resistant Fe/1Hn in a
S.C.C. Test
These Figures are various views of the surfaces of
two as-quenched Fe/1Mn specimens after failure in boiling
5N 20:1 Ca(N0^)2/NH^N0^ at 17?584 minutes (Figures 14.22.
and 14.23.) and 18,209 minutes (Figures 14.24. and 14.25).
*
These specimens were further bent by /8" in span on 
removal from the environment in order to exaggerate the 
stress-corrosion and oxide cracks.
The oxide film had broken up at grain boundaries 
during the s.c.c. test and some of these exposed 
boundaries were attacked (Figure 14.23.). A limited 
degree of oxide spalling had also occurred.
Figures 14.26. and 14.27.. S1168 in S.C.C. Test
S1168 specimens were loaded into a three-point 
loading rig fitted with a dial gauge and immersed in (a) 
boiling 5H C a ^ O ^ ^  (Figure 14.26.), and (b)
5N 20:1 Ca(N0^)2/HH^H0^ (Figure 14.27*)? then carefully 
removed immediately movement was recorded. These specimens 
were not further bent before Stereoscan examination.
Both Figures, taken from the specimen apex, show 
regions where the brittle oxide film had ruptured. In 
both cases, this occurred only at grain boundaries, and 
further bending to -J" span revealed a limited metal 
intergranular attack. Examination of a specimen removed 
10 minutes before the expected end of the induction 
period revealed no grain boundary oxide fracture unless 
further bent.
14.5. The Mechanism of Crack Initiation
As pointed out in the Introduction, Logan (^5?27) 
stated that the localised rupture of oxide films could 
give rise to the necessary driving force required for 
crack initiation - quoting p.ds. between oxide and 
exposed metal of 60mV or more. His work does not, 
however, account for subsequent sustained crack propagation.
The previous sections in this Thesis have shown that, 
in an environment of quite critical oxidising ability, 
stressed iron develops a brittle oxide film which ruptures 
at grain boundaries under the sustained load, thereby 
marking the end of the induction period. This phenomenon 
is clearly a fundamental part of the nitrate cracking 
mechanism; thus, experiments were undertaken to estimate
the intensity of attack on the underlying metal on sudden
local exposure due to oxide rupture. The basic idea for
(156")the following experiments is due to Hoar v
Specimens of S1168, tempered Fe/1Mn, and Fe/1Cr were 
used, being loaded into the three-point straining jig of 
the potentiostat cell (Figure 8.13*) but lightly held in 
by the loading rod without stress. The specimens rested 
on porcelain pivots (Figure 8.130 and. those parts of the 
specimen in contact with them were coated with stopping- 
off lacquer to prevent uncoated metal suddenly being 
exposed on straining.
To these unstressed specimens, various stationary 
anodic potentials were applied and current was monitored 
over a period of up to 2 hours. The environment was 
5N 20:1 Ca(N05)2/ M 4H05 at 92°C. For unstressed S1168 the 
free corrosion potential in this solution was around 
-400mV (Appendix 1, Figure 3)* The "rest" potential, 
where the anodic and cathodic reactions are reasonably 
balanced, was around -230mV after 1 hour (Figure 11.2.). 
Figure 14.28. collects tracings of the potentiostat 
recordings of current (plotted as c.d., where the
p
specimen apparent surface area approximately = 3.3 cm ) 
for S1168 at three anodic potentials.
At -200mV, just above the rest potential, c.d.
dropped as a black film grew on the specimen. After 90
minutes this had become protective enough to have reduced
4 / 2the c.d. by a factor of 10 jiA/cm . At this stage the c.d. 
was becoming constant. After 2 hours the specimen was 
continuously strained to a span of 1 *Vl6" - the total 
loading screw depression. Current instantly rose to a 
high value before the full span was attained and it was 
seen on subsequent Stereoscan examination that the oxide 
had broken at grain boundaries in the apex region. 
Transverse sectioning revealed no intergranular trenching.
At +200mV, the c.d. did not drop so rapidly and the 
solution was discoloured sooner. On straining, current 
did not increase as much as at -200mV. Examination showed 
that this specimen had undergone more extensive inter- 
granular attack at the higher potential. Thus, on 
straining, the bend had been formed mainly by the opening 
of oxide-coated fissures exposing little fresh metal.
At +900mV, well above E (Appendix 1, Figure 3)> the
oxide film was formed rapidly and there was less anodic
activity. The film was thin and transparent, and more
protective since the solution did not change colour. On
2
straining, current rose instantly by 10 \iA but the oxide 
had ruptured randomly (i.e. not at grain boundaries) 
normal to the bending direction. There was no visible 
intergranular attack in a transverse section.
It is interesting to compare the result for S1168 
stressed from the beginning at -200mV with these results. 
This is also shown in Figure 14.28. The c.d. was a little 
higher but did not drop far as the specimen fractured 
after 23 minutes (c.f. Section 13*4.1.). Fracture was 
accompanied by only a small current increase as fresh 
metal was exposed at the crack roots.
Both Fe/1Mn and Fe/1Cr were tested at -200mV (c.f. the 
rest potentials of Figures 14.2. and 14.3*)* These plots 
are given in Figure 14.29. The c.d. dropped more rapidly 
than in S1168, and Fe/1Cr developed a more protective 
(black) oxide than Fe/1Mn in an equivalent time. After 1 
hour the oxides became so protective that the specimens 
assumed cathodic behaviour. When the current was settling 
down the specimens were strained and in both cases current 
instantly leapt up to a high anodic value. On examination, 
the oxide on Fe/1Mn was ruptured at grain boundaries 
(similar to Figure 14.21.) but there was no evidence of 
marked intergranular penetration. In Fe/1Cr the oxide 
ruptured randomly (similar to Figure 14.14.).
In all cases, the current increases on straining 
represented vastly greater increases in c.d. owing to the 
localised nature of the oxide rupture. Table 14.7* 
collects these recorded current increases for the 
materials. Oxide rupture occurring at grain boundaries 
did so over an area of approximately 1cm. about the 
specimen apex.
A surface of a specimen of S1168, having normal grain 
size, was polished and etched in 2 %  Nital. Using a 
n Quant imet,T image analysing computer, readings of total 
percentage grain boundary area of the surface were 
obtained. To avoid error, both low (no inclusions present) 
and high (some inclusions present) values were taken. 
Assuming that on straining, the brittle oxide film is 
broken at all grain boundaries (which will give an 
underestimated value of c.d. if incorrect) it is possible 
to calculate the actual c.d. for attack on the exposed 
metal on straining. This data is given in Table 14.7- 
Thus it may be seen that c.ds. easily sufficient to cause 
marked electrochemical attack of the exposed grain 
boundary result from oxide film rupture.
14.6, Summary of Section 14.
1. During the induction period, prior to crack
initiation, the chemical and physical nature of the film 
largely determines the length of this period and the 
subsequent rate of crack propagation. Thus the induction 
time is the time required for the physical parameters
of the film to reach a critical stage whereby it ruptures, 
being brittle, under the sustained load during the s.c.c. 
test - usually at grain boundaries.
2. Without stress, a period of immersion longer
than the normal s.c.c. induction period will not shorten 
the subsequent T^ in an s.c.c. test. This appears to be 
because the physical nature of the film is such that its 
rupture does not exclusively expose grain boundaries, 
being the only "susceptible paths" in the material. Thus 
unstressed pre-immersion for a time less than the 
induction period reduces the subsequent T^.
3. Increasing the redox potential of the system 
by strongly oxidising ion additions or cathodic production 
of excess ions indicates that if the passivating film
healing power of the environment is too great, crack 
initiation will not occur. Fresh metal under a brittle- 
ruptured film must be exposed for a finite time for 
attack.
4. Where oxide film rupture occurs at grain 
boundaries the total anodic c.d. over the exposed grain
p
boundary area may be as much as 2 imps/cm . This c.d. 
would allow very intensive initial rate of electrochemical 
attack.
15* DISCUSSION 
15«1. Introduction
Nitrate cracking, in common with, most s.c.c. systems, 
involves such a critical balance between electrochemistry 
and physical metallurgy (adjustment of either being able 
to prevent its occurrence) that the approach of the 
present work has been, of necessity, concerned with both 
aspects, but laying particular emphasis on an under­
standing of the environment since a metallurgical
( 11)investigation has already been carried out v y.
In the following discussions, the results from 
various sections are correlated with observations made on 
normal "isolated" s.c.c. tests for the materials under 
investigation. In this way, xvith recourse to the lit­
erature for the more fundamental information not obtained 
during the present research, and considering especially 
the nature of the passivating layer formed on iron, these 
correlations are interpreted in terms of roles which 
could be played in a feasible nitrate cracking mechanism. 
Thus, this discussion brings together all of the results, 
some of which, though seemingly incidental, are of 
importance in backing up the major observations and con­
clusions regarding the mechanism of s.c.c., which is 
suggested to be the result of a critical combination of 
passivation kinetics-and microstructure, viz. yield- 
assisted dissolution.
15*2. Discussion of Results
15.2.1, The Physical Metallurgy of the Pure
Iron-Based Alloys
15o 2.1.1. Interstitial Segregation
It has been shown that small variations in the 
interstitial carbon and nitrogen content of oc~iron, or 
the addition to the basic iron of 1 wt%  manganese or 
chromium can affect the s^c.c. behaviour in a given 
environment substantially, furthermore, tempering treat­
ments in high purity iron and iron-based substitutional 
alloys can also bring about a change in s.c.c. behaviour
(i d
Nitrate cracking has been seen to occur exclusively 
along intergranular paths. On the reasonable assumption 
that the inherent energy of a grain boundary free from 
solute atoms is not sufficient to provide the conditions 
for crack propagation, and taking into account the immun­
ity of ultra pure metals, interstitial segregation to
grain boundaries has been suggested by several workers
(11,39,4-0,80,etc) . - , .v 5 9  ’ 9 yas the major factor inducing s.c.c.
susceptibility in high purity irons and low substitutional 
alloys. Thus, the occurrence of dislocation and inter­
stitial atom segregation to grain boundaries, and a poss­
ible correlation with s.c.c. will be discussed.
Garbon and nitrogen are both soluble over a wide 
concentration range in the austenite lattice. On cooling, 
the solubility of carbon in ferrite becomes extremely low, 
being about 0.00035 wt% at 300°C and <10“^ wt% at room 
temperature (by extrapolation) ( ^ 5 7 ) .  ttle solubility of 
nitrogen, however, is greater, being about 0 .0 0 2 5 wt%  at 
300°G
At the present concentrations (S1168 and R.T.B.
High Purity Iron), above the A^, these elements would be 
homogeneously distributed in the matrix ^ ^ 9 ) ? an(i on
quenching, this situation would remain. During prolonged 
aging at room temperature, or tempering at higher temp­
eratures, a new state of equilibrium would be arrived at by 
interstitial atoms diffusing towards dislocations and 
grain boundaries, or possibly transition carbides and 
nitrides nucleating at dislocations (^60)^
The mechanism of interstitial migration on tempering
is quite complex and can only be outlined here. In terms
of reduction of matrix energy, two basic sinks for carbon
and nitrogen in atomic form exist, viz. dislocations and
grain boundaries, and evidence for diffusion to both
sinks exists. It is now well established that under the
influence of applied stress or temperature, interstitial
atoms form atmospheres around edge and screw dislocations
in such a way as to reduce the lattice strain associated
(161)with these defects v » The atmospheres effectively 
inhibit the movement of dislocations (nitrogen having a 
stronger pinning effect than carbon owing to its greater 
solubility in ferrite and cause the strain-
aging and yield point phenomena.
Direct evidence of interstitial segregation to grain 
boundaries has been found by Zav’yalov and Bruk ^^9) 
using an autoradiographic technique. They showed that,
in iron-based alloys quenched from above the A%, where the
14- ^concentration of carbon (C ) exceeded the equilibrium
solubility at a particular tempering temperature, its 
re-distribution occurred. In Armco iron (C <0 .0 3  wt%), 
tempering at 590°C induced preferential segregation of 
carbon to the grain boundaries. However, in the presence 
of the strong carbide-former chromium or the weak carbide- 
former manganese - in concentrations not exceeding their 
critical solubilities in oi-iron - there was much less 
tendency for carbon to migrate to the grain boundaries. 
Substitutional elements having less carbide-forming tend­
encies than iron, aided the grain boundary re-distribution 
of carbon.
Additional, but indirect,-evidence has come from 
internal friction measurements. Lagerberg and 
Josefsson found that the internal friction due to
carbon was lower in small-grained than in large-grained 
pure iron samples (presumably assuming that, in the 
absence of solute, damping should be independent of grain 
size). Miles and Leak ^^5) showed that interstitials, 
concentrated at grain boundaries after tempering, 
affected the grain boundary relaxation peak in high 
purity iron alloys containing either 90 ppm carbon or 
56 ppm nitrogen. Interestingly, the leval of damping due 
to nitrogen segregation was considerably lower than that 
due to carbon.
It is to be ejected that interstitial segregation 
to grain boundaries should occur, as the abnormally large 
interstices between iron atoms due to acute lattice mis­
fit at the grain boundaries provide ideal sinks. However, 
although some evidence points to interstitials migrating 
to grain boundaries and largely ignoring matrix dis­
locations, it should be noted that the strain field of 
the grain boundary does not extend far into the lattice of 
the grain, whereas dislocations have the advantage of high 
strain fields and the prospect of "feeding" from all sides. 
Possibly, therefore, carbon and nitrogen will arrive at 
grain boundaries under thermal or strain energy associated 
with dislocations.
15*2.1.2. The Effect of Substitutional Additions
and Strain on Dislocation-Interstitial 
Interactions
In the present s.c.c. tests, after the particular 
preparation heat treatments, specimens were subj ected to 
a bending strain well into the plastic region followed by 
sustained stress in a hot (92-110°C) environment. The 
dislocation - interstitial interactions under these con­
ditions are quite involved, especially where substitutional
elements are present, since the conditions of the s.c.c. 
test in effect subjected the specimens to dynamic strain- 
ageing (166-168)#
Taking the case of high purity iron, on quenching to 
room temperature and tempering, most available dislocation 
sinks will be filled and some migration of interstitials 
and dislocations to grain boundaries will occur. The 
presence of a yield point and Luders region in the room 
temperature tensile test for S1168 indicates that, after 
heat treatment, some interstitials were still free or 
associated with matrix dislocations.
On bending, the remaining free interstitial carbon
and nitrogen will be accommodated owing to the increased
concentration of dislocation line. Subsequent yielding
under the s.c.c. test conditions will depend on the ease
of diffusion of dislocations and interstitials; once a
dislocation has been pinned, it exhibits a strong res-
(169)istance to unpinning s •, thus the atmospheres will
exert a drag on the dislocations where separation does 
(170)not occur v 1 . The effect of raising the interstitial
content would be to increase the stress necessary for
(171)dislocation diffusion , thus S1168 was found to be
tougher than the iron-based alloys in a room temperature 
tensile test (Section 9*1 •) - notv/ithstanding the effect 
of its high oxygen content.
Results from several studies on the effect of sub­
stitutional additions to pure iron on its deformation
(172-175)characteristics v may be used to describe the
processes occurring during pre-s.c.c. test heat treatments 
and the s.c.c. test (assuming an inert environment).
Baird and Jamieson ( ^ 3 )  found that addition of up 
to 1% manganese to interstitial-free pure iron produced no 
detectable increase in proof stress between 20°C and 500°C. 
In a tensile test at 300°C, in the presence of small 
amounts of carbon and nitrogen, however, manganese had the
effect of preventing dislocation movement and inducing
"blue-brittleness". A similar effect of manganese was
(172)shown by Baird and Mackenzie v ' '.
As well as a solid solution hardening by the 
manganese addition, the affinity between manganese atoms 
and interstitials means that, on aging, alloy carbides or 
nitrides would form and act as dislocation locking sites. 
This type of dislocation pinning would be more stable 
than the usual Cottrell atmosphere at high temperatures 
(up to 500°C). Migration of carbon and nitrogen on 
straining would be difficult at low temperatures since 
manganese diffusion in a-iron requires high energy, and 
for dislocations locked by carbides to move, either high 
temperature, strain, or both would be necessary for the 
breaking of dislocation-carbide/nitride bonds ^76)^ 
especially as dislocations resist unpinning under the
(169)conditions of temperature and applied stress by bowing
In Section 9.1., tempering the Fe/1Mn at 7 0 0°C for 
1 hour was found to soften the material. This is accounted 
for by the work of Gladman et al ^ 7 7 )  ^ wk0 proposed from 
internal friction measurements that, on aging a quenched 
Fe/Mn/N alloy at high temperatures, interstitial atoms 
preferentially migrate to locally-strained sites 
associated with manganese atom couples by, possibly, 
chemical attraction (as shown directly by Zav'yalov and 
Bruk v ), thereby bringing about a reduction in dis­
location pinning.
Any alloy carbide clusters formed by tempering at 
high enough temperatures (> 500°C) would not pin dis­
locations very effectively and interstitial migration 
(with manganese atoms) to grain boundaries might be 
possible owing to vacancies formed by straining
These results, therefore, are in harmony with the 
present room temperature tensile (Section 9*1 •) and higher 
temperature s.c.c. test rig inert environment creep data
(Section 12.3-)* Tempering Re/1Mn at 7 0 0°C for 1 hour 
effectively reduced the elastic limit and U.T.S., compared 
with the as-quenched material, but the combination of 
1 0 3°C and sustained load in the s.c.c. rig was not suf­
ficient to bring the relative microcreep properties of the 
tempered and untempered materials very close.
Chromium is a strong carbide-forming element and a 
means of conferring s.c.c. immunity by 1% additions to 
high purity iron. Nunes v ' found that additions of 
up to 0.9% chromium produced a softening in the basic 
iron (containing 0.02 wt% total interstitials including 
oxygen) in room temperature tests. This is in agreement 
with Rees et al ^^9) Edwards et al (^80)^ -both for 
room temperature tests. These effects have been attributed 
to the prevention of carbon atmosphere formation owing to 
the strong chemical affinity for chromium
Although the present results of Section 9*1• were in 
harmony, showing that as-quenched Fe/1Cr was slightly 
softer than as-quenched 3?e/1Mh, the s.c.c. rig con­
ditions of bending and sustained load at105°C, showed 
as-quenched Re/1Cr to be quite resistant to microcreep.
This result is corroborated by Glen ^75)^ wk0 foun& that 
carbide-formers completely suppressed strain-aging (or 
induced "strain-age-hardening") under tension at temp­
eratures near 200°0. In agreement with Cottrell ^^8)^
Glen argued that, on subjection to sustained stress at 
temperature, some form of coherent precipitate of alloy 
carbides or nitrides forms on dislocations that have 
become slowed down or stopped by normal strain hardening 
processes, and extends the locking to very high temp­
eratures (> 650°C).
15.2.1»3* The Effect of Oxygen in S1168
S1168 is an "Armco" type iron with low interstitial 
carbon and nitrogen contents but a high oxygen content 
(0.056 wt%; 0.2 at%). During the course of the present
work it was noted that
(i) S1168 was brittle in the as-received hot-rolled
thin strip condition. This brittleness was relieved by a 
tempering treatment.
(ii) Water-quenched specimens were more brittle than 
those tempered at 530°C for 30 minutes.
(iii) Out of the environment, specimens broke by 
brittle intergranular fracture on sharp manual bending if 
s.c.c. had advanced more than half way through.
(iv) On slowly bending in the jig prior to loading for
an s.c.c. test, there was no visible intergranular crack­
ing.
(v) In a slow strain-rate tensile test, pickled
specimens exhibited normal ductile behaviour.
The effect of oxygen in high purity iron on raising 
the brittle-ductile transition temperature has been noted 
in the past ("182,183)# Rees and Hopkins (^^) no-fce(i that, 
in a low carbon (3 0 ppm) iron, addition of 0.057% oxygen 
raised the transition temperature to 250°0 with a slight 
increase in tensile strength; ductility was only reduced 
by 6% at room temperature. In their iron, as in S1168, 
oxygen was present as small grey inclusion globules of FeO, 
dispersed evenly throughout the microstructure with 
apparently no more inclusions at grain boundaries than 
expected from the seemingly random distribution. In 
addition, there was no visible continuous oxide precipit­
ate at the grain boundaries. Low and Feustel made
similar findings but showed that addition of 50 ppm car­
bon and its segregation to grain boundaries eliminated 
grain boundary cleavage in a tensile test. This might be 
expected from the added binding energy which would result 
from the insertion of a carbon atom between two widely 
separated iron atoms. Points (i) and (ii) in the S1168 
results above corroborate this and provide further evidence
for carbon segregation to grain boundaries on tempering. 
15«2.1.h. Correlation with S.C.C. Behaviour
There are two main ways by which interstitials could 
determine grain boundary stress-corrosion crack prop­
agation in a metallurgical sense, given the correct 
environmental factors :-
(i) By affecting the resistance to yielding or 
strain-aging of the material.
(ii) By affecting the cleavage strength of the grain 
boundaries by being either prhsent in suitable amounts or 
absent.
Considering (ii), grain boundary cleavage strength
would be reduced by depletion of interstitials; thus, the
present s.c.c. results do not support this idea. 81168,
in which much evidence points to a high concentration of
interstitials migrating to grain boundaries on tempering,
was highly susceptible to s.c.c.; water-quenched R.T.B.
high purity iron (20 ppm interstitials) did not show much
Mi')change m  s.c.c. behaviour when tempered v . Indeed, 
the converse holds; conditions which favoured diffusion 
of interstitials to grain boundaries and, therefore, 
easiest matrix dislocation movement favoured s.c.c.
Therefore it is proposed at this stage that s.c.c. 
behaviour is associated with a matrix effect, i.e. the rate 
at which dislocations can arrive at a region of high stress 
intensity at a grain boundary, and is affected by the type 
of substitutional addition. Related to nitrate cracking, 
this means the resulting rate of yielding at a crack tip 
in the grain boundary, trying to be pulled apart by the 
applied stress. The highly susceptible state of S1168 is 
likely to be augmented by the low cleavage stress of the
( 'I )
grain boundaries imparted by oxygen v ', and even the 
presence of carbon or nitrogen in some form would not 
completely retard its effect under "notch tensile"
conditions once cracking had bosun.
Decreasing susceptibility in the iron-based alloys 
followed the order of increasing dislocation pinning and 
microcreep resistance after the particular heat treatments 
and under the special conditions of the s.c.c. test.
Thus, in short, it is suggested that the only metallur­
gical significance of grain boundary carbon or nitrogen 
segregation in the present nitrate cracking mechanism is 
in depleting the matrix of solute and making yielding 
easier.
Further evidence for the yielding resistance 
correlation comes from the activation energy of s.c.c. in 
S1168, calculated from the temperature dependence of T^.
A  value of 18.4- E cals/mole was obtained (Section 13-3-)° 
This value, which is independent of the concentration of 
the damaging ion within the bounds of scatter (Section 
13*3-1•)» agrees favourably with the values for the 
activation energy of-carbon diffusion or nitrogen diff­
usion in a-iron, i.e. 19.8 E cals/mole (50-150°C) and 
18-19 E cals/mole (-20-150°C) respectively (^83)o Thus a 
process dependent on the diffusion of interstitials appears 
likely (for a fixed oxygen location).
The correlation between restricted yielding in the 
metal and s.c.c. behaviour should not be confused with the 
ideas of Harwood or Forty (33) ^ These workers 
propounded that a requirement for s.c.c. is highly res­
tricted slip at the crack tip resulting in a brittle 
fracture step. In the present argument, conditions 
favouring easier micro-yielding in the vicinity of the 
crack tip favour s.c.c.
This proposed physical metallurgical correlation with 
s.c.c. behaviour stands up to all experimental observations 
except the alledged immunity (to 200 hours) of zone- 
refined ultra pure iron Thus it is likely that a
degree of grain boundary segregation is necessary to confer
specific electrochemical properties. This point will be 
discussed in detail later.
15*2.2. Corrosion in Nitrate Solutions
15*2.2.1. Summary of Main Observations
Immersion of 31168 and the iron-based alloys in hot 
OaCNO^Jg or NaEO^ in isolated conditions (without applied 
anodic current) did not bring about any noticeable change 
in their subsequent mechanical properties, neither was 
there any visible evidence of pitting nor marked material 
loss. On extended immersion, the corrosion rate slowed 
to a limiting value with time in a logarithmic manner.
At applied anodic potentials between the free corrosion 
potential (Ecorr) passivation potential (Epp)*
however, marked corrosion on unstressed specimens did 
occur; the surface became blackened with corrosion 
product and grain boundaries were preferentially attacked. 
In isolated conditions, unstressed immersion in 
5N Ca(N0 ^ )2 produced a transparent blue-grey oxide layer 
on the surface and, for an equivalent time,in 5^ 
a dull colourless transparent layer; in both cases there 
was no apparent intergranular attack. In however,
specimens soon became blackened with oxide and on further 
immersion suffered heavy material loss by pitting and, 
more important, intergranular corrosion. This has been 
observed by others and generally attributed to the ability
of the EH^ _+ ion to form soluble complexes with iron
Dismissing for the moment the special case of cracking 
in EH^EO^, since it will be discussed in detail later, 
s.c.c. in nitrates and the specificity of the ion
appears throughout the present work to be strongly conn­
ected with the nature of the passivating film and the 
aggressive attack at high anodic potentials below E 
(excluding for the present stress-sorption possibilities). 
In this section, the processes leading to the formation 
of a passivating film from the moment of immersion into 
hot nitrate solution will be discussed.together with some
comments on the properties of the film.
15*2.2.2. Film Formation on Iron
This process was followed quantitatively by plotting 
potential/time curves (typically Figure 11.2(i)). These 
showed a maximum anodic value on the instant of immersion, 
but within seconds this value changed cc?.tho die ally by up 
to 100mV, then anodically by a smaller amount before 
settling down to a steady cathodic increase at a rate 
decaying with time. The logarithmic cathodic drift in 
electrode potential shown in both nitrate and nitrite 
solutions is indicative of the formation of a self-healing 
oxide film - its thickening with time tending to make the 
specimen passive. The presence of these films was 
confirmed throughout the work by scanning electron- 
microscopy.
It may be presumed that oxide film formation due to 
the nitrate environment begins after the small anodic 
dip, following the initial high anodic value which is 
probably attributable to conditions of extremely high
(1043
aeration during immersion v '. The value upon total 
immersion then alters owing to the destruction of the air- 
formed film - the nitrate ion being quite aggressive in 
this respect These processes occupied less than
1 minute. Subsequent immersion was concerned with the 
formation of the passivating oxide film. There can be no 
doubt that in nitrate the film is oxide, is sustained, and 
once formed consequently offers a degree of protection; 
nitrate is an oxidising ion and the redox system
ma^n^a^ns a kigfc cathodic potential. There 
has, however, been some argument as to the chemical nature 
of the film.
The films on the present specimens under isolated
conditions were probably Fe^ O,. - as has been postulated by
(ocp '^52)
several previous workersv ^ . Evidence for the
absence of the higher oxide y-Fe20^ in the present work 
comes from the observation that in a non-de-aerated
solution, specimens which had been immersed until achieving 
the "rest” potential (approx ~20QmV), then potentiodynam- 
ically polarised by a scan in the cathodic direction under­
went a smooth reduction of current, exhibiting cathodic 
behaviour at the usual free corrosion potential (E ),vvX X
i.e. after the reduction of a single film. ’Furthermore, 
the black oxide scraped from specimens immersed for long 
periods in Ca(E0^)2 or NH^EO was magnetic (Section 11.2.1.)
Authors are a little divided about the structure of
( 187)passivating films formed on iron; thus Evans v has
proposed the formation of y -FeAX on chemically pass-
M88)*- yivated iron, as has Cohen v ', on iron specimens
immersed in strongly passivating EaEOg- Other workers
are of the opinion that various modifications of the
spinel structure of Fe^O^ make up the film, being mainly
Fe_0„ at the metal surface and y-Feo0-r at the oxide/
3  ^3 (189)solution interface. Bloom and G-oldenberg v have
reviewed most of the proposals concerning the nature of
these inhibitive films on iron. It will, however, be
shown that the question of whether the film is Fe_0,,
or y- ^©2^3 secondary importance compared to the
main issues involved in the s.c.c. mechanism and does
not affect the application of the principles and kinetics
of passivation in this respect.
The mechanism of passivation is almost as misunderstood
as nitrate cracking itself, thus the discussion on film
formation on iron will be based on the work of Evans (^90)
(112)and Hoar v ' • The initial stage of passivation is the 
formation of a phalanx of electrically-oriented oxygen 
ions attracted to the metal surface. Also associated with 
these will be similarly oriented oxy-anions, these being 
either nitrate or nitrite ions ( Figure 15.1.).
On iron, the oxide film possesses high electronic 
conductivity and therefore initially spreads laterally, 
then grows in depth. This is probably a rapid stage 
forming a well-attached film. Thus, the important factors
which control the subsequent growth of the film, and there­
fore the overall rate of passivation, are :-
(1) The relative rates of cation transport outwards
++and proton exchange where Fe ions are attached to oxygen 
from the water molecules,
(2) The rate of liberation of oxy-anions;
(3) Coherency of the NCb^/NO^*" phalanx.
As the oxide grows there is a decrease in field
strength and the ionic current falls, so eventually the
thickness reaches a limiting value. Build-up of the oxide
layer would be expected to follow a logarithmic rate law; 
(191)which Brasher _ has found in practice by direct thick­
ness measurement of films formed on mild steel immersed 
in oxidising inhibitors. In the present work, electrode 
potential was shown to generally exhibit three distinct 
regions of logarithmic rate with time (Figure 11.2(ii)).
The first normally lasted Qust over 1 minute (including the 
initial period of air-film destruction) before showing the 
second, higher, rate of potential change. It may be taken 
that change in corrosion potential (which has been stated 
to be the net result of cathodic and anodic potential 
changes) in the less negative direction with time is a
direct measure of oxide thickening in such a system as this 
(192) , consequently the rate of potential decrease after 
t^ (Figure 11.2(ii)) is taken as an indication of the 
rate of film formation in future discussions.
Film formation may be due to either an electrochemical 
or solid state process, or a combination of both. The 
many opinions on the anodic and cathodic reactions 
occurring in the case of a film porous to solution have 
been considered in Section 3*4-.2.2.; it is suggested that
the most likely reactions are
Anodic
(i) 3/4 Fe + H20 — ^ 1/4 Fe.O^ + 2H+ + 2e, and
possibly
(ii) 2/3 Fe + H_0 — 1/3 Y.Feo0, + 2H+ + 2e.
d d o
Cathodic (non~de~aerated solution)
(i) 1/2 C>2 + H^G + 2e — >  20H“, together with
(ii) N0^~ + H20 + 2e — > N O ^  + 2 OH.
Therefore, at cathodic points the solution will become 
less acidic, and at anodic areas more acidic.
Hoar has suggested a model for the solid state
growth of a perfect magnetite film according to :
3/4 Fe — > 1/4 Fe++ (film) + 1/2 Fe+++ (film) + 2e
at the metal/film interface, and
NO ~ (soln) + 2e — > NO “ (soln) + 0 (film) at the 
9 d
film/solution interface.
15*2.2.3* Protection Due to the Passivating Film
The passivating film formed on iron in a nitrate
solution is poorly protective compared with films due to
other oxidising anions. Prom potentiostatic polarisation
curves, Thomas and Nurse ^^3) showed that the critical
c.d. for.passivation of iron (icrj_^ ) increases (or the
difficulty of passivation increases) in the order:
NO ~ < 0H~ < CrO < BO ~ < CO ~ < C^HcC00“ < HCO ~ < NO 
d 4 d 5 6 5
The potentiodynamic polarisation curves from the present
work corroborate this, showing that a high leakage current,
e.g. 1mA/cm , occurs through the passivating film attained
above E in hot solution. Although high dissolution c.ds. 
PP
may be a function of the scanning polarisation technique,
comparison of Appendix 1, Figures 1 and 2 with Appendix
1, Figure 8 for S1168 in hot 5H NaNO^ makes the point
clear. Passivation in NaN02 is easy and spontaneous in a
non-de-aerated solution since dissolved oxygen is mostly
(194)responsible for forming and maintaining the film v .
The continuing protectiveness of the passivating film 
is of extreme importance in determining the inhibitive 
efficiency of the anion. In the present work, potential/ 
time curves (e.g. Figure 12.18.) were seen to show an 
anodic deflection when a stress-corrosion crack finally 
propagated mechanically, fracturing the specimen. This was 
clearly due to the exposure of fresh active metal.
Following such an anodic deflection, the rate of attain­
ment of the rest potential may be regarded as an 
indication of the repassivating ability of the electrolyte. 
Thus, specimens which had been partly stress-corroded in 
boiling 5N” NaNO^, but not further stressed, were immersed 
for a short period in boiling 5N solutions of NaNO^,
3:2 NaNO^/NaNO^, and NaN02 and then broken - producing 
the patterns of potential change shown schematically in 
Figure 15*2. The difference between curves (a) and (c) 
is quite marked.
The speed at which passivating films can form on an 
active bare metal surface in the absence of applied current 
has been largely ignored in the literature. This is a pity 
because results such as those in Figure 15-2. indicate a 
correlation between passivation rate and T . In the 
present context it is considered significant that the 
nitrate ion is in a poor position in Thomas and Nurse's 
list of inhibitors (^93)  ^ this property being directly 
related to the kinetics of passivation.
The rate of passivation (or re-passivation) is not 
only a function of the environment, however. For a given 
nitrate solution, the results of Section 14.5. indicate 
that the rate of attainment of a given oxide layer under 
applied anodic current depends on metallurgical condition.
At ~200mV in hot 5N 20:1 Ca(N0 the order of time
3 ^ ?4 3
taken for a fall in c.d. to 10fiA/cm was S1168 > Fe/1Mn 
> Fe/1Cr. The order of the most protective film after 
110 minutes was Fe/lCr > Fe/1Mn > S1168, i.e. the reverse.
In isolated conditions, this order also corresponded to 
the increase in total corrosion after extended immersion 
in boiling nitrate (Section 11.1.1.) and, of course, the 
order of increasing susceptibility to s.c.c. Further, 
the scanning electron-micrographs of Figures 11.9- to
11.12. show apparent differences in the surface appearances 
of the three compositions after equivalent times of 
immersion in a common environment.
The electrode potentials of the materials after a given 
immersion time in a common environment may also be 
compared (Figures 14.1. - 14.3*)• After 100 minutes in 
boiling 5N 20:1 Ca(NO^)^/NH^NO ,the order of increasing 
electrode potential was S1168 (-275mV) >  Fe/1Mn, as- 
quenched or further tempered, (-220mV) > Fe/1Cr (-180mV).
This may be considered as the order of decreasing cation 
flux through the film.
The potentiodynamic anodic polarisation curves for 
S1168, Fe/1Mn and Fe/1Cr in a common mixed nitrate 
environment have been given in Appendix 1, Figures 3, 4, 
and 5 respectively. In both S11S8 and tempered (susceptible) 
Fe/1Mn, the passivation potentials were around 400mV; 
thus, high c.ds. were sustained over a range of 80QmV above 
the free corrosion potential, E . In S1168, however,OOIj?
the maximum c.d. representing the severest general attack
(though not necessarily the severest intergranular attack)
was between -150mV and -200mV. In tempered Fe/1Mn, the
maximum c.d. occurred at E .
PP
In keeping with the previous discussion showing 1%
chromium to promote the formation of a more protective film,
in Fe/1Cr, E was relatively low at 150mV and this 
. PP
potential corresponded to the maximum c.d. Also the
contrast in anodic polarisation curves for susceptible 
and resistant Fe/1Mn is of interest. The potential /time 
curves for both types of specimen in a common environment 
were virtually the same up to 200 minutes or -200mV 
(Figure 14.2.), and the polarisation curves for both also 
followed the same path up to 4100mV. However, with 
increasing applied potential above -100mV, the susceptible 
material continued to corrode at high c.ds. up to Epp* 
whereas the resistant material passivated between -100mV 
and +50mV. Thus, there is a common factor between the 
resistant materials Fe/1Mn WQ and Fe/1Cr. Furthermore, 
between -100mV and 400mV the susceptible Fe/1Mn suffered 
marked intergranular attack whereas at OmV the as-quenched 
material only underwent a very limited trenching.
Therefore, small alloying additions, especially
chromium, and heat treatment affect the anodic properties
of high purity iron quite positively. The ability for iron
to self-passivate when alloyed with 12% or more chromium
in solid solution is well known, but there is relatively
little data on the effects of additions as small as 1%.
Olivier, quoted by Young (^95) showed that the passivation
time, t , in the transition from the active to the passive 
P
state, was reduced threefold by addition of 2.8% chromium 
to iron. Tomashov ^^o) states that small (1-2%) amounts 
of chromium in solid solution exert a small effect on the
corrosion of iron, enhancing the passivating properties in
. . . (196)oxidising solutions. He v ' further quotes the work of
MacQueeg who showed that the weight loss on oxidation of
low carbon steel in air at-1000°C is reduced by 12-13%
on addition of 1% chromium.
Manganese, however, is not noted for imparting
corrosion resistance to iron even in quite large alloying 
(196)amounts ' ' . Thus, the more rapid passivation of
susceptible Fe/1Mn compared to S1168 would not be due to the 
Mn addition. Fe/1Mn and Fe/1Cr are comparable owing to 
their common basic iron composition, but in S1168 the
longer passivation time is probably a result of both higher 
grain boundary activity due to carbon segregation and the 
presence at the surface of globules of FeO which are 
cathodic to ferrite (Section 12.1.2.). Both of these 
factors would contribute to the formation of a more 
deflective oxide layer owing to the tendency for dissol­
ution reactions to occur*
To summarise, the major factors which have an in­
fluence on the growth of the oxide film and control its 
physical condition are
1. The nature and concentration of the ions in 
solution*
2* Specimen geometry and microstructure*
The important factor relating the oxide film to s.c.c. 
is its thickness and "protectiveness" (used here as a 
collective term incorporating the parameters controlling 
cation transport). During a test, strain and other con­
siderations will tend to promote the growth of a def­
lective film. The nature of the environment and the 
composition of the metal determine whether porosity and 
mechanical condition will worsten or heal. These points 
will be considered further.
15*2.2.4. The Physical Nature of the Oxide Film
Most previous ideas concerning the mechanical prop-
o
erties of thin oxide films (up to 2000A) on iron have been 
either based on high temperature gaseous oxidation 
experiments or corrosion in high temperature aqueous NaOH. 
However, magnetite film formation due to the latter environ­
ment appears to be analagous to the present situation.
After the formation of the oxygen-oriented phalanx on 
the metal surface and lateral oxide growth, protection 
increases by perpendicular growth on the initial barrier 
layer from diffusion of Fe++ ions and combination with 0^ *” 
ions. Assuming, reasonably, that a cubic oxide forms the
passivating layer, an interface therefore exists between 
the cubic oc-iron and oxide lattices. From energy con­
siderations, the latter orients itself to the metal so as 
to produce as near a coincidence as possible of the 
repeat distances between the metal atoms in the two 
structures. Thus, close-packed oxide planes tend to line 
up in similarly dense metal planes. In an electron 
diffraction study, Culbransen and Ruka (^97) foun(j that, 
during high temperature aqueous oxidation, the magnetite 
lattice establishes an epitaxial relationship of the type
S ' ®  Fe3°4 // M  aFe (Figure 15*3*)*
Four cells of the a iron lattice (11.4-6 1 in length)
/ °relate to the face diagonal of the oxide lattice (11.85 A 
in length for Fe^O^). The resulting mis-match will give 
rise to compression and shear stresses at the interface, 
the distortion varying from grain to grain in the metal 
lattice. At the metal grain boundaries ( a region of 
lattice disruption of 3-4- atomic distances across ) further 
complications in the epitaxial growth of the oxide will 
result. Consequently this mode of growth inevitably leads 
to some defects in the oxide film lying above the more 
impervious barrier layer (^98)#
Other inhomogeneities in the metal surface such as 
inclusions, together with anion incorporation in the film 
will prevent complete protection by the oxide film and 
result in discontinuities and regions of weakness where 
cation transport is relatively easy. Brittle fracture 
nuclei may exist in a film formed over an FeO inclusion/Fe 
interface owing to the volume change in oxidation. There­
fore, unless a suitably oxidising environment is maintained 
at imperfections in the film, a dissolution process and a 
system of anodes and cathodes will revert. Where the 
cathodic process tends to deplete the oxidising power of 
the solution locally, escape of Fe++ ions will be permitted 
and a loosely adherent film of hydrated oxide will result.
In the absence of stress and de-passivating ions such 
as 01", therefore, a nitrate solution will tend to build 
up an increasingly protective oxide obeying logarithmic- 
type growth laws. Discontinuities will not induce 
mechanical breakdown if re-healing is possible and 
Pilling-Bedworth effects do not arise.
15*2.2.5* Behaviour of the Oxide Film During
a S.G.C. Test
In the present work it was shown that a relationship 
existed between the s.c.c. behaviour of the four iron-based 
materials, and the general appearance, nature of cracking, 
and time-to-cracking of the oxide films for a given envir­
onment. These results are collected in Table 15*1*
In addition, experiments performed with unstressed 
specimens immersed for various periods and then bent to 
1^/16" span produced the following results in subsequent 
s.c.c. tests (Section 14-.2.) :
(i) S1168, bent after 1 minute immersion in boiling
5N 20:1 Ca^O^g/NH^NO^ (no intergranular oxide cracking)
exhibited normal T«.f
(ii) S1168, bent after 10 minutes immersion (partial 
intergranular cracking) showed a reduction in T^ of 30%.
(iii) S1168, bent after 1200 minutes immersion (random 
oxide cracking) showed reduction in T^ of 17%.
It is interesting that under identical s.c.c. test 
conditions, films on S1168 self-weakened (i.e. broke under 
the conditions of the s.c.c. test) and broke away at grain 
boundaries well before those on either as-quenched or 
tempered Fe/1Mn, in which cracks in the oxide were visible 
to the same extent as S1168 only on reducing the span by a 
further 1/32" after removal from the rigs. In the un­
stressed state, however, the difference in the apparent 
corrosion of the two compositions was not great.
In the s.c.c. test the oxide is developing on a 
continuously yielding surface owing to microcreep (Section 
12.3*)> consequently the physical properties of the oxide 
film are modified. The potential/time curves of Figure 
14.1. show that the effect of strain in S1168 is to 
produce the third kinetic, k^, the slope of which, for an 
equivalent immersion time, is less steep and the 
potential more negative than the unstressed specimen, thus 
indicating greater anodic activity. Further evidence of 
the effect of stress/strain on oxide morphology is obtained 
from a comparison of the potentiodynamic polarisation 
curves of stressed and unstressed Fe/1Cr in hot concen­
trated Ca(N0^)2 (Appendix 1, Figure 6.). Subjection to
the s.c.c. rig raised E and i^.j, and increased the ° pp crit
dissolution current (passage of cations) through the 
passivating film to quite a marked extent even in this 
material which strain-ages at a relatively low rate.
(199)Harrison v has studied the breakdown of magnetite 
films on iron (formed in hot NaOH solutions) on bending 
the coated specimen. Complete fracture, i.e. exposing the 
metal, was indicated by an increase in current in a cell 
in which the specimen was the anode. The effect of bend­
ing was to cause the propagation of cracks, created by 
small defects in the film, through to the barrier layer 
and the metal. Oxide films are generally much more brittle 
than the underlying metal; Harrison ^99) quoted a 
critical strain for oxide fracture of 0.002 in a 10pm film 
idiich is quite typical.
By a similar argument, it is proposed that, during a 
s.c.c. test of a material not capable of self-healing the 
oxide film to any degree, the discontinuities which exist 
in higher concentration at grain boundaries are continually 
aggrevated and fresh "plugs" are either broken or prevented 
from forming by the yielding substrate. These discontin­
uities eventually propagate as brittle cracks through the 
stressed film to the metal surface beneath. In other words,at
the grain boundary region, the cleavage stress of the oxide 
is not able to sustain the tension and ruptures when the 
strain exceeds a critical value which depends on the prop­
erties of the oxide. The final effect of crack propagation 
is probably related to the question of relative adhesive 
stresses between the film and metal at the grains and grain 
boundaries. Thus, in S1168 it was noticed that, upon 
oxide breakdown, the oxide curled away from the grain 
boundary at the very edge (Figure 14.26.) owing to com­
pressive stresses in the film and less coherency with the 
metal surface in this region.
It is suggested that the differences in the times-to- 
rupture of the oxides on S1168 and Fe/1Mn specimens was 
partly the result of their different rates of microcreep 
under the s.c.c. test conditions; S1168 yielded substan­
tially more than Fe/1Mh, as-quenched or tempered (Figure 
12.19-)• It is further reasoned that since both sus­
ceptible and resistant Fe/1Mn showed the same oxide rupture 
behaviour but different T^s, the physical metallurgical 
condition of as-quenched Fe/1Mn induced the growth of a 
mechanically imperfect film but did not allow such rapid 
crack propagation.
Strain in Fe/1Cr specimens was not sufficient to cause 
a visible oxide self-rupture, thus oxide fracture was only 
observed after .200 minutes of s.c.c. testing by.reducing 
the test span by 1/16" prior to examination (Figure 14.1?.). 
On this material, oxide cracking occurred in a similar 
manner to that observed by Fdeleanu and Law (200) for oxj^e 
films on strained aluminium, in that cracks were 
orientated away from the usual direction normal to the 
applied stress, and were not regularly spaced and not 
confined to grain boundaries. This type of fracture in 
the A120^ films was attributed to slip systems in the under­
lying aluminium. In Fe/1Cr, this mode of cracking is 
probably a function of both the low microcreep rate and the 
formation of a comparatively thick and more coherent oxide
film.
It is interesting that unstressed immersion of Fe/1Cr
and Fe/1Mn extended above 300 hours (Figures 14.9* and
14.14.), and S1168 to 20 hours and above (Figure 14.11.)
produced, on subsequent bending, cracks perpendicular to
the applied stress and some degree of oxide spalling.
The cracks were regularly spaced in Fe/1Mn and Fe/1Cr.
This situation, where thin oxide films tended to crack at
grain boundaries, and thick films tended to crack laterally
( 201)often with regular spacing, has been observed by Howes v 
in an Fe/28Cr alloy heated to 950°C and cooled. Very thick 
films (750pm) cracked longitudinally on cooling, whereas 
thinner films (1pm) cracked at grain boundaries; very thin 
films did not crack or spall at all on cooling. In S1168, 
it itfas shown that, after producing a film which partially 
cracked at grain boundaries (10 minutes immersion), on 
bending the specimen, T^ was markedly reduced in a sub­
sequent s.c.c. test. A barrier layer film formed by 
immersion for 1 minute did not rupture at all (Figure 14.13*) 
and consequently T^ was hardly affected in a subsequent 
test.
It is proposed that, extended immersion, building up 
the oxide in depth, allows the compressive stresses due to 
epitaxy to be relieved by the creation of defects in the 
film, and subsequent bending-does not give rise to exclus­
ively grain boundary rupture but rather, the film begins 
to rupture under the tensile stress at defects, producing 
cracks which grow and interact and eventually penetrate the 
oxide. In S1168, the subsequent s.c.c. behaviour after 
producing random cracks in the oxide was not substantially 
reduced since grain-boundaries, which are the only regions 
able to support s.c.c. cracks, were not sufficiently 
exposed. In as-quenched Fe/1Mn, the finally-failed 
specimen showed evidence of both grain boundary and random 
oxide rupture, although after 200 hours most metal grain 
boundaries were exposed. It is suggested that, as the main
s.c.c. cracks propagated through the metal, those grain 
boundary fissures which were non-propagating were re­
passivated and fiirther extensive growth of oxide at these 
regions and over the metal grains produced a thick layer 
which eventually broke down by random cracking.
13*2.2.6. Attack on Metal Beneath an Oxide
Fissure
The induction period in the present mechanism for a 
susceptible metal will be defined as that period necessary 
for the build-up of an oxide film on the deforming metal 
surface, and its brittle fracture coincident with grain 
boundaries. Crack initiation begins once the bare active 
metal below the film is exposed to the environment, as 
long as the environment or the metal itself will not 
bring about spontaneous re-passivation and blocking of the 
exposure. Where weak spots in the film structure create 
open pores, when a sufficiently high anodic c.d. is 
subsequently directed at these, the potential will rise 
to is exceeded) and the metal at the base of
the pores will passivate with what later grows into a plug 
of oxide.
(199)Thus, going back to the experiments of Harrison , 
performed in NaOH solutions, bending his pure iron specimens 
after an oxide film had been built up for 30 minutes in the 
same environment, caused oxide cracking, but the current 
change due to a fixed potential across the specimen was 
transient because the crack was rapidly healed by the NaOH. 
However, on bending a similarly pre-filmed specimen in FeCl^ 
no healing occurred after the oxide had cracked, and when 
the straining was stopped, the current remained at a high 
level and a cylindrical pit was formed in the metal at the 
base of a crack.
In the event of oxide cracking at points not co­
incident with grain boundaries, after an initial dissolution 
producing a pit, repair will begin with rapid anodic 
conversion of the exposed metal to fresh oxide. Now, the
experiments of Section 14.5* have yielded highly sig­
nificant results in the case where grain boundary oxide 
fracture occurs. Bending an unstressed specimen into 
the s.c.c. test span after build-up of a protective 
film under constant applied anodic potential resulted in 
an instantaneous large increase in c.d. where highly 
localised attack of the metal at the base of the fissures 
occurred. In the most severe case, it was demonstrated
that the c.d. at the exposed grain boundaries was approx-
2
imately 2 amps/cm .
Using Faradayfs Lav; it is possible to calculate the 
total amount of metal dissolved for a given c.d., and 
hence the depth of grain boundary attack, making the 
following assumptions:
(i) Anodic dissolution occurs exclusively at grain 
boundaries across the width of the specimen in an area 
1 cm in length about the specimen apex.
(ii) The total current is used for the ionisation of 
3?e to Fe++.
(iii) Attack occurs before the potential rises above
E ^ - as irtWs+. will be exceeded, pp crit
(iv) Attack is perpendicular, i.e. normal to the
plane of the specimen apex.
(v) The density of the iron at grain boundaries 
equals the average density of iron (7«87 g/c.c.^®^).
The grain boundary area of the region considered on
2
the tensile side of the specimen = 6% of 0.45 cm ,
2
= 0.027 cm (see Section 14.5*)« Taking the case of a
film formed on S1168 in 5N 20:1 Ca^O^/NH^NO^ at -200mV,
the highest current flowing due to the exposure of grain
_p
boundaries upon oxide fracture = 5*5 x 10 amps.
Prom Faraday's Law, the weight loss due to this 
current flowing for 1 second,
current in amps 
time in seconds 
atomic weight 
Faraday Constant 
valency
= 5 .5  x 10~2 x 1 x 56  
9 6 ,5 0 0 x 2
= 1 . 6  x 1 0“\ .
This is equivalent to a loss in volume of
7.87
Thus the average rate of grain boundary penetration
= 1 . 6  x 10"5
7.87 x 2.7 x 10- 2
= 7.5 x 10 cm/sec
-2The specimen thickness is 8 . 8  x 10c*, 5 thus, for a
perpendicular penetration, it is apparent that if this
—2 — 5current were to be maintained for 8 . 8  x 10 /7 * 5 x 10 y
seconds, i.e. about 20 minutes, the specimen would be 
completely penetrated„ In the static condition (bending 
and leaving without applied stress, or where oxide rupture 
occurs in the absence of applied stress) this could not 
happen because, as previously discussed, a passivating 
film or plug of oxide would quickly form with a corres­
ponding marked reduction in c.d.
The two factors preventing this advancement are 
cathodic and anodic polarisation - the latter being the 
most important. The total anodic polarisation is made up 
of (i) activation polarisation at the bare metal surface,
= I t a where I
tF z a
F
z
(ii) polarisation due to the surface film, and (iii) 
concentration polarisation due to the depletion of active 
ionic species. All three, especially (i) and (ii) , 
would he reduced by strain at the tip of a fissure. It is 
therefore proposed that a film rupture - electrochemical 
advance mechanism is a feasible component of the crack 
propagation mechanism, the reduction of anodic and 
cathodic polarisation by strain allowing the maintenance 
of the driving e.m.f. at the tip.
15*2.2.7. The Effect of Stress on Corrosion
Kinetics
It is the actual deformation process rather than the
stress in the metal itself which has an effect on anodic
dissolution. Thus, the changes in electrode potential
due to stress recorded in the present work have mainly
been the result of fracturing surface films or the
galvanic action between coated and active metal surfaces
in a crack. Fluctuating p.ds. of < 2mV were recorded on
immersion between stressed (anodic) and unstressed
specimens of S1168, both in the pickled condition. However,
the true difference in potential between the metal on the
tensile side and the unstressed metal was probably masked
due to the metal on the compressive side being slightly
('69')cathodic to unstressed metal v y . Even so, this value is 
too small to account for a high driving force for crack 
propagation.
A reasonably high strain rate must be maintained in 
order to record any meaningful changes in potential; thus 
in Appendix 1, Figure 6 it may be seen that, for the 
slowly yielding Fe/1Cr , although the strain due to s.c.c. 
conditions (approx. 1.6 x 10“^ mm/min deflection) had a 
marked effect on passivation kinetics, the- effect on 
corrosion current below E was minimal. Iron wires 
strained in acid chloride conditions (absence of films) 
at the fast rate of 3%/sec were shown by Windfelt (^02) ^  
exhibit an anodic potential shift of only 25mV. This effect
appeared to be dependent on dissolution rate, being more 
marked at low c.ds (galvanostatic conditions).
It is concluded, therefore, that in the s.c.c. 
mechanism, although low strain rates have been shown to 
affect oxide film growth kinetics markedly, high strain 
rates, which may exist at the tip of a crack in a sus­
ceptible material, are necessary to stimulate anodic
dissolution substantially. But, if Windfelt's observation
p
that at high c.ds (> 2-3 mA/cm ) this effect is less 
marked applies to the present situation, then one might 
reason that the effect of strain at the crack tip is not 
so much one of reducing activation polarisation as 
prevention of film formation and concentration polar­
isation effects,
15*2.3- Discussion on the Influence of
Ihvironmental Parameters on a ffilm Mechanism 
of Nitrate Cracking
13»2.3o'1« The Influence of the Cation in Nitrate
Cracking
In both iTaNO^  and CaCNO^^, cracking was preceded by 
an induction period during which there was a complete 
absence of general or intergranular attack. Also, during 
crack propagation there was no intergranular trenching 
other than that within the immediate vicinity of the major 
propagating crack. In however, fissures were
observed within only a few minutes of immersion together 
with a considerable amount of pitting which became more 
marked as time increased. It is significant that 
specimens had a longer life in than in the other
nitrates, therefore the case of cracking in will
be discussed and shown to be non-typical, in order to 
proceed with a further consideration of the part played 
by the nitrate ion in what is considered ’’true s.c.c.” 
for Ca(lT0 ^ )2 and NaNO^.
Cracking in IflH NO^ is unique owing to intergranular 
attack occurring in the absence of stress, and severe 
pitting accompanying cracking. Uhlig (59) Ketcham^^^ 
have chosen to distinguish between two modes of cracking, 
viz. (i) "true s.c.c.%  in which no penetration occurs in 
the absence of stress, and (ii) the continuation by stress 
of a stress-independent electrochemical intergranular 
attack due to galvanic action between the grains and grain 
boundaries. This distinction is not a question of 
semantics; nor, as some consider, is mode (ii) a par­
ticular manifestation of s.c.c., since from the present 
work the mechanism is clearly not as simple as this, and 
the inclusion of mode (ii) within the definition of s.c.c. 
as it has been accepted in this i^ ork, is inappropriate*
This view is supported by the lack of intergranular 
attack on unstressed S1168 in C a ^ O ^ ^  and NaNO^, both of 
which are potent s.c.c. solutions, and the need for stress 
during the induction period (see Section 15*3»4.1.).
A comparison of the relative emphasis placed on strain 
and electrochemistry in the mechanisms of cracking in 
and others may be made by examining Table 14.1.
In merely immersing an unstressed specimen of
S1168 for 20 hours prior to s.c.c. testing was sufficient 
to contribute 89% of the work done in the cracking 
mechanism to the subsequent test.
Figure 13.1. compared, and contrasted the modes of 
cracking in both Ca^O^^/NaEOp, and It is sugges­
ted that high purity iron specimens showed an overall 
slower failure rate in because of the general non-
selective corrosiveness of this solution complicating 
the mechanism owing to the favouring of a dissolution 
process overriding the passivating tendency. Once 
"cracking” or intergranular trenching had achieved a 
useful depth, a pitting front would engulf these cracks 
and a fresh incubation period become necessary. That 
this pitting attack helps to retard true s.c.c. has been 
demonstrated for Ca(N0j)2 in Section 13.5.1. for low
concentrations of the depassivating chloride ion.
However, in 5^ HH^+ solutions, a small addition of 
chloride ion actually decreased T^. How, this is 
evidence that cracking does not stem solely from the 
presence of passivating films but is basically a form of 
stimulated intergranular attack.
Returning to the Results of Section 14.2., after 20
hours unstressed immersion in pure HH.H0_, the delaying
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part of the mechanism which involves the interchange 
between intergranular trenching and the less-damaging 
pitting has been overcome and subsequent s.c.c. proceeds 
more rapidly. The contrast between true s.c.c. and 
failure in HH^HO^ was further demonstrated by the rapid 
fracture of S1168 in GaCNO^)^ after previous unstressed
immersion in HH,HO*.
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As touched upon in Section 3.4.2.2., the reason for 
pitting and the ease of removal of grain boundary 
material must be associated with the complexing ability 
of the HH^+ ion, which aids anodic depolarisation, but 
at the same time prevents the formation of a partially 
protective passivating film. This behaviour was put to 
use in the establishment of the low scatter 3E 20:1 
GaCHO^g/HH^HO^ solution, where a limited proportion of 
HH^* ions increased the s.c.c. potency (presumably due to 
increasing anodic dissolution in the crack) and improved 
reproducibility, but without inducing pitting.
In conclusion, although pure HH^HO^ yielded very low 
scatter results, it is not an ideal solution for mechanism 
studies owing to the incidence of pitting and inter­
granular corrosion, with the strong possibility that 
fa.ilures under stress are due to the mere prevention of 
stifling and other physical effects associated with 
corrosion in a small space. Therefore, HH^HO^ was not 
extensively used in this work and further discussion on 
the mechanism will be confined to those solutions which 
produced no measurable intergranular attack in the 
absence of stress.
15*2,3-2. The Influence of Nitrate Ion
Cone entration
The exponential increase in Tf with decreasing con­
centration for S1168 in boiling CaCNO^)^ solutions could 
be attributed to either, or a combination of, (i) lower
ion activity, (ii) decreasing temperature, and (iii) 
increasing pH, Plotting the curve of Figure 13*5* on the 
T^ vs. temperature curve of Figure 13*5«i however, shows 
that, within the range of boiling points, the influence 
on T^ of decreasing concentration is considerably
more marked. Point (iii) is considered in the following 
Section,
More likely, the very long lives of specimens tested 
in dilute nitrate solutions, and the high scatter 
indicating an element of chance entering into the 
mechanism, is the result of depletion of oxidising species 
(H0^~ or HO2") in solution preventing the establishment 
of a critically protective passivating film; assuming a 
crack is initiated, decreasing ionic concentration will 
result in lower available corrosion c,ds. in the crack tip. 
With anions possessing inhibitive properties it is 
generally regarded as dangerous to let their concentration 
in solution fall below a particular threshold value, as 
dissolution (not necessarily in a macroscopically marked 
sense) can occur where the oxide film is patchy or dis­
continuous. Loss of inhibitive properties generally means 
prevention of s.c.c,, as has been demonstrated by chloride 
additions to the nitrate solution, and this may con­
tribute to the exponential increase in T^ with increasing 
dilution below 1-2N Ca(H0^)2 .
As concentration increases, the passivating ability 
of the solution will increase in direct proportion and 
hence the time required to produce a film having the 
critical properties leading to stress-corrosion crack 
initiation will decrease. It is interesting, therefore, 
that'T achieved a minimum between 10 and 12N, rising
slightly towards the saturation concentration, in view of 
Brasherfs ' demonstration that nitrate solutions can
act as inhibitors in high enough concentrations (i.e. 
passivate more spontaneously). Curves of immersion pot­
ential vs. log. molarity showed a cathodic increase at 
very high concentrations, indicating an effectively 
inhibiting environmenti This inversion of T^ may be 
compared with similar trends in the present results due to 
increasing redox potential.
Significantly, increasing nitrate ion concentration
reduced both T^ and T^, suggesting that similar factors,
notably passivation kinetics, are critically important
in both. The similarity between the curves for T^ and T^
plotted against concentration, and the increasing ratio
of T./T with dilution indicates that extension of the i c
induction period-might be a possible means of mitigating 
nitrate cracking.
15*2.3.3- The Influence of pH
Throughout the work, apparent correlations between
pH and s.c.c. behaviour have been suggested in the
results. Thus, in Section 13*1•* the curve of T^ vs. pH
follows the same trend as that for T„ vs. ratio off
in a 5H solution; increasing potency of
the solution was with decreasing pH. It has been clearly
shown, however, that factors other than pH contribute
towards these trends in T~ and pH is not the sole cause.
fS 2)However, it has been reported elsewhere w  J that the 
s.c.c. propensity of mild steels in boiling ammonium 
nitrate increases with decreasing initial pH. Clearly, 
during a test in MH^N07 the pH will-decrease to below 
that of CaCHO^)^ by loss of ammonia. Furthermore, these 
results are difficult to reconcile with the present obser­
vation that T^ was lower in-5HHaN0^ (initial pH 6.9) 
than Ca(H0^)2 (initial pH 3*0). It might be, however, 
that in NaNO^ the oxide layer on S1168, which appeared to 
be thinner (transparent and no interference tints) than
that due to OaCHO^^, achieved a critical state earlier 
owing to its greater stability in the less acidic 
solution.
In solutions of CaCHO^^, T^ appeared to depend on 
initial pH, decreasing with decreasing pH, However, 
reducing the initial pH from 2.4 to 0.6 for a 6N solution 
with HMO^ brought about only a small reduction in T^ - 
mainly attributable to a vigorous hydrogen evolution 
cathodic process. This result is in harmony with those 
of Sklarska-Smialowska  ^ . Finally, the change in T
brought about by increasing the concentration of NalTC^  
in a 5N nitrate:nitrite mixture did not correlate with 
the increase in pH of the solution.
This evidence suggests that the pH of the bulk 
solution, in the absence of a hydrogen evolution cathodic 
process does not play a predominant role in the mechanism. 
This appears surprising for a mechanism apparently dom­
inated by passivation kinetics. It should be noted, 
however, that specimens of S1168, stress-corroded in 
NaNO^, had a blackened fracture surface but only a dulled 
grey outer surface. In terms of an electrochemical 
crack propagation, this indicates that production of 
hydroxyl ions by the cathodic reaction occurring on the 
crack sides, which are of larger surface area than the 
anodic crack tip, raises the local pH thereby lowering the 
tendency for reductive dissolution of the oxide and 
raising the available e.m.f. of the cell ^f^lmed me^ax/
NO^ metal*
15*2.3*4-. The Influence of Temperature
The apparent activation energy obtained for the 
dissolution of an active iron surface in nitrate 
(1.5-4-.6 K cals/mole - Section 11.1.5*) was substantially 
smaller than that obtained for the s.c.c. behaviour of 
this material. The figure of 18.4 K cals/mole for s.c.c. 
in S1168 is in close agreement with the activation energy 
for diffusion of nitrogen in a-iron and within the limits
of carbon diffusion (see Section 15-2*1.4-.). It seems 
apparent therefore that the rate-determining process for 
nitrate cracking involves a dynamic dislocation-solute 
interaction occurring in pure iron during the s.c.c. 
test. This is discussed in Section 15.3*4.3•
However, the effect of temperature on electrochemical
processes during s.c.c* may he seen from the potentio-
dynamic polarisation curves of Appendix 1, Figure 1.
These indicate that decreasing temperature promotes the
formation of a much more protective passivating film at
a lower 33 than a hot solution. The correlation between 
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this result and s.c.c* behaviour is in harmony with other 
experiments indicating that s.c.c. becomes more difficult 
as the coherency of the film is increased.
To summarise, the influence of temperature is (i) to 
increase the rate of yielding of the metal (governed by 
the diffusion of interstitial solute), (ii) increase 
the potential range of high anodic activity and raise 
both E and and. (iii) increase cation transport
through the passivating film and increase the time for 
passivation, t^.
15o2.3«5» The Influence of Additions to the
Environment
The effects of environmental additions on the s.c.c. 
behaviour of high purity iron may be grouped according to:
(i) those additions forming insoluble corrosion products,
(ii) those containing ions which either prevent the 
formation of, or injure the passivating film on iron, and
(iii) those containing ions which raise the redox pot­
ential of the solution and aid the formation of the 
protective film. It is interesting that, in the quantities 
added, no chemical completely inhibited s.c.c. in a 
solution of fixed nitrate ion concentration.
In category (i), both disodium hydrogen phosphate, 
by laying down an insoluble phosphate film, and sodium 
benzoate, by producing a complex protective film of iron
benzoate, most effectively retarded s.c.c. although the 
boiling solution probably tended to reduce the efficiency 
of these films. NaOO^ produces a stifling corrosion 
product which probably accounts for the doubling of T^ 
by 10g/l addition of this salt.
The effect of the chloride ion, which comes into
category (ii), is most significant. S.c.c. is inhibited
by the destruction of the oxide film (or the prevention
of adequate formation of the film) thereby allowing a
general dissolution-process to occur. This is in direct
contrast to those s.c.c. inhibitors which work by
strengthening the film, and confirms the general view
that, as a rule, where marked general corrosion occurs,
s.c.c. will not be favoured (e.g. addition of HNO to a
3
2N Ca(N0^)2 solution in Section 13*2.). A more comp­
rehensive investigation of the effect of the chloride 
ion in nitrate:chloride mixtures was made in Section
13*5*1• Similar experiments have been carried out by 
(102)Smialowski v J , but rather surprisingly, he reported
that replacement of by up to 4-.9H Cl in a
solution slightly lengthened T^ and failure was
“predominately intergranular attack". From the present
work, it appears more probable that the s.c.c. resistance
he found in solutions containing less than 0.1N NELN0-
t>
was the result of lack of nitrate ions rather than 
interference from the chloride ion (Section 13.2.). 
Addition of more than 0.2N Cl in the present work 
produced so much general attack that s.c.c. was not 
favoured.
The effect on corrosion in boiling 5N 20:1 
CatNO^^/M^NO^ of small additions of CaCl^ may be clearly 
seen in the potentiodynamic polarisation curve of 
Appendix 1, Figure 7* compared with Appendix 1, Figure 3* 
was raised by about 230mV, and the subsequent c.d. 
indicates that the passivating film above Epp was hardly 
protective. Beductive dissolution probably accounts for
this* It is widely considered that the effect of the 
chloride ion is to compete with the oxidising species for 
adsorption onto the metal, and further to prevent the 
re-passivation of discontinuities in the film and allow 
them to develop and undermine the film.
These results add to the overwhelming evidence that 
nitrate cracking is controlled by the nature of the oxide 
film. For example, it has been suggested that the 
"crarking" mechanism in NH^NO^ is stress-accelerated 
intergranular corrosion, and it would be expected that 
oxide films do not play an important role. This view is 
corroborated by the observation that a small amount of the 
depassivating chloride ion reduced T^ in An
equivalent replacement of nitrate ion with chloride in
Ca(NCu)0 increased T_ threefold.
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Also in category (ii), the effect of urea in increas-
('14-')ing T was in harmony with previous work v J, probably 
being due to the reduction in oxidising ability of the 
solution by decomposition of some ions. Cracking was
not completely prevented, suggesting that other cathodic- 
reactions are able to maintain the high anodic dissolution 
rates. In category (iii), it is interesting that the 
most potent addition in lowering T^ was the lowest concen­
tration (10g/l). The T^ inversion produced by increasing 
additions of K^C^Or,, KMnO^, and NaNO^, also occurred with 
increasing inhibitive properties of the solution, being 
evident on increasing oxygenation, replacement of nitrate 
ions with nitrite, and increasing the concentration of 
nitrate ions towards the saturation concentration. For 
10g/l oxidising additions, the order of effectiveness in 
stimulating s.c.c. corresponded to the order of decreasing 
redox potential for these species, i.e. Cr^O^ >
MhO^~ > N02~.
The effect of increasing the concentration of
oxidising species in solution would be to improve the
protection by the passivating film gradually, bearing in
mind that protection depends upon t , the rate of blocking
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of pores as the film thickens. For a susceptible 
material, a tentative correlation with s.c.c. might be 
that, with increasing inhibitive properties of the 
environment, an initial drop in T^ results from a 
reduction of cathodic polarisation in the crack, combined 
with a more rapid attainment of the critical film 
properties for crack initiation, but with further 
addition, once pores or grain boundary cracks appear, 
these are increasingly rapidly plugged with oxide and 
the underlying metal is never exposed.
Thus, as stated, the rate and efficiency of film 
repair at a discontinuity depends on the critical c.d. for 
passivation, a;Q& the passivation potential, ^pp*
Correct alloying has the effect of lowering E„ , but 
increasing the concentration of oxidising species in 
solution also brings about this result. Considering the 
nitrite ion, the redox-potential for its reduction is 
quite high (0.9v N.H.E.) and induces the spontaneous 
formation of a passivating film on iron in non-de- 
aerated solutions (Appendix 1, Figure 8.).
The nitrite ion is a product of the cathodic 
reduction of nitrate (Section 15*2.2.2.) and is most 
probably the oxygen-oriented species initially adsorbing 
on the active metal surface, and later at the oxide/ 
solution interface. The activity of N0 ^  ions in solution 
is therefore critical inasmuch as the physical nature of 
the film is critical in deciding whether or not cracking 
proceeds.
In Section 14.4.2. it was demonstrated that, with 
increasing replacement of nitrate by nitrite in a neutral 
5F solution, T^ first decreased, reaching a minimum at 
N N02“ , and then rapidly increased, the solution being 
unable to induce s.c.c. Work by Mercer et al ^04) ^as 
demonstrated the efficiency of NaNC^ as an inhibitor (in 
this sense being the speed to re-passivate or heal) for 
mild steel in the presence of aggressive ions including 
nitrate. There is a limited tolerance depending on the
concentration of both ions and temperature. Figure 15*4-. 
is taken from their Figure 1 and corrected for temperature 
according to their observation that above 90°G a tenfold 
increase in inhibitor in the presence of nitrate was 
necessary for equivalent inhibition to 25°0 tests. It 
may be noted that only ratios of greater than
2:3 protected the mild steel specimens (in a 100 day test) 
and that this is in harmony with the present results and 
discussions.
Improvement in oxidising ability of the solution with 
increasing nitrite concentration Was indicated by the 
increasingly cathodic electrode potential (Figure 14.6.). 
An increasing ratio affected both the induction
period and (initial) crack propagation rate in the same 
way. This is to be expected according to the present 
ideas as conditions in the crack where high c.ds. are to 
be expected will result in oxide formation, and mechanical 
disturbances will bring about its partial breakdown; 
thus the rate and effectiveness of healing by the environ­
ment will be a critical factor.
External application of high cathodic current to a 
non-de-aerated nitrate solution results in a greater than 
equilibrium concentration of nitrite ions at the metal/ 
solution interface for a given time after immersion.
By varying the time prior to - application of a high 
cathodic current (Section 14.4.3*)? an effect analogous 
to the Tp inversion on directly increasing the oxidising 
species x^ as observed. A burst of current of fixed 
duration and amperage after a period of uninterrupted 
s.c.c. from 0 to 23 minutes effectively shortened the 
expected life (®j?m)» whereas cathodic polarisation applied 
after 25 minutes effectively lengthened Tf . This 
indicates, along the lines of the present arguments, that 
23 minutes isolated s.c.c. represents the end of the 
induction period. Establishment of the film can be 
accelerated by increasing the oxidising ability of the 
environment. Thus,the effectiveness of cathodic
polarisation decreased as the time before its application 
increased; e.g. Table 14.5* shows that the rise in 
potential after switching off cathodic polarisation due 
to the increased ion concentration in the immediate
vicinity of the specimen, decreased as the period prior 
to immersion increased,i.e. as the NO^sNO^"* ratio in 
normal conditions built up.
Following the end of the induction period (at which 
point cracking should initiate) further increase in the 
concentration of oxidising species in solution will, in 
effect, quickly allow rehealing of any propagatable 
fissures which have been produced, and until the excess 
nitrite ions have been consumed, an oxide fracture sit­
uation and consequent anodic attack on the underlying 
metal will not arise. Table 14.6. also shows that the 
"cracking potential" we,s virtually independent of the 
time prior to the application of polarisation, i.e.
cracking occurred at a fixed concentration.
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The effect of free or dissolved oxygen in the nitrate 
environment on T^ , can be seen by comparing the mean T^ 
in normal conditions with that after total de-aeration, 
viz. T^was halved in non-de-aerated solutions. Increas­
ing the aeration had the same effect as increasing the 
oxidising species in solution and T^ exhibited the 
characteristic inversion. By comparing the E/log t curves 
for solutions under different degrees of aeration, some 
interesting information may be gained. The characteristic 
features of the E/log t curves have been plotted against 
gas pressure in Figure 14.4. Significantly, k^, the 
rate of cathodic potential increase into the region where 
cracking is initiated varied-in the same way as T^ with 
oxygenation (Figure 13*27 )• These changes in kinetics
might represent variations in the protective nature of 
the passivating film due to local breakdown. If this is 
so it might explain why t^ increases with gas pressure; 
also, in the same way, if it represents the time required 
for the mild disruption of a passive film growing on a
yielding substrate. At this stage the film would not be 
thick enough for cra.ck initiation since a high p.d. between 
cathodic oxide and active metal is required. The independ­
ence of k^ is harder to explain, but as a general picture 
the effect on T^ of oxidation kinetics is clear.
15*2.3*6. Comparison of Cracking Under Isolated
Conditions and Applied Anodic Potential
In Table 15*2., a comparison of various features of 
nitrate attack has been made, and a strong correlation 
between the behaviour of the four types of specimen under 
isolated and potentiostatic conditions may be seen.
Considering an electrochemical component of the 
cracking sequence, tests under anodic polarisation have 
thrown some light on the mechanism of an isolated case of 
s.c.c. since the electron-micrographs ofboth crack faces 
appear virtually undistinguishable, although the polarised 
material is slightly more featureless. However, there is 
some doubt as to whether the mechanism of "cracking" 
("fissuring" is probably a better word) is the same in 
both cases. The smooth cracking under applied anodic 
potential is probably the result of a purely electrochemical 
attack but this does not mean to say that the mechanism is 
entirely different to s.c.c. in isolated conditions. 
Continuous propagation might also arise in the absence of 
applied potential if there were sufficient continuous 
favourable grain boundary propagation systems. Assuming 
that a mechanical (brittle intergranular) stage is 
initiated by a high stress concentration at the crack tip, 
an electrochemical attack would not be able to trigger 
off such a fracture if corrosion was not localised, i.e., 
if the crack tips were too rounded. This may indeed be the 
answer, as transverse sections of specimens failing under 
applied potential appeared to have very wide cracks as 
grain boundary attack was much more intensive.
Evidence .of the importance of heat treatment in 
determining resistance to hot nitrates was obtained during 
the determination of-the potentiodynamic polarisation 
curves of Appendix 1* -All materials -both susceptible 
and resistant to s.c.c* - underwent a dissolution process 
at high c.ds. over a range of anodic potentials between
™  and. E . However, it was observed that, in S1168 corr pp 7 7
and tempered Fe/1Mn, the majority of attack at high 
currents was at grain-boundaries. On removal, specimens 
were quite embrittled. In the resistant as-quenched 
Fe/1Mn and Fe/1Cr, the former was attacked only to a limit­
ing depth (< 1/100 thickness) and generally thinned.
Fe/1Cr was brightened at the highest; currents and grain 
boundaries were undamaged. Both materials showed low
values of E_ .
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The variation of degree (depth and length of boundary 
involved) of grain boundary attack under anodic polaris­
ation with heat treatment and alloying, from the purely 
electrochemical sense since this variation occurs in both 
unstressed and stressed specimens, indicates that diffusion 
of some species to grain boundaries during heat treatment 
and/or the s.c.c. test is able to "sensitise" or increase 
the anodic behaviour of the-boundary with respect to the 
grain for an aggressive ion. The most probable controlling 
element is carbon, since nitrogen, in the concentrations 
considered, would be too soluble to be precipitated in a 
fashion where it could have an electro-chemical effect.
The experiments of Zav'yalov and Bruk demonstrating
the migration of carbon to grain boundaries in Armco iron 
on tempering, and the mitigating effect of carbide- 
forming additions have been discussed in Section 1 5 *2 .1 .1 .
There can be no doubt, therefore, that heat treatment 
and alloying not only control the deformation character­
istics of the basic iron but also affect its dissolution
behaviour at anodic potentials above E . In S1168 and
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tempered Fe/1Mn, in which grain boundary segregation of 
carbon probably occurs during heat treatment and s.c.c.
testing, these grain boundaries are favoured sites for 
anodic attack. In as-quenched Fe/1Hn, owing to a lower 
concentration of grain boundary carbon, these are only a 
little more than highly etched. In Fe/1Cr the combination 
of tendency for self-passivation and lack of grain boundary 
carbon prevents intergranular attack.
These observations become really significant when 
considering that they also extend to a correlation with 
s.c.c. results. This pinpoints grain boundary electro­
chemical properties as being highly important and control­
ling in the mechanism of isolated s.c.c.; thus in 
resistant as-quenched Fe/1I1n and immune Fe/1Cr, the grain 
boundaries could not support a dissolution process. Add 
to this the fact that cathodic polarisation prevented both 
crack initiation and propagation where an established crack 
system was present. Furthermore* Long v , has obtained 
an activation energy of 22 K cals/mole from the relation­
ship between the tempering time and temperature required 
for development of given susceptibility in as-quenched 
Fe/1Mn. This value corresponds to the activation energy 
for diffusion of carbon in cx-iron.
Comparison of the surfaces of specimens immersed with 
and without anodic polarisation showed that surface oxide 
films formed under polarisation were thicker but extremely 
weak, especially at grain boundaries, and possessed a 
high concentration of pores, probably lying over 
inclusions in the case of S1168. These weaknesses would 
be connected with the incidence of pitting at certain 
potentials. Cracking at potentials above E does, 
however, indicate that film formation on the surface of 
s.c.c. specimens under anodic polarisation might be an 
effect of these conditions rather than the cause of crack­
ing. This view is strengthened in view of the fact that 
cracking in stressed specimens below E took place almost 
without the pre-requisite of an induction period (Section 
However, the increased T^ above E indicates 
that passivation kinetics and metallurgy are involved in a 
similar interplay in crack propagation as in the isolated 
test.
The Proposed Mechanism of Nitrate Cracking 
in High Purity Iron
Correlation of S.C.C. Results with 
Established Mechanisms
Continuous (Electrochemical) Mechanisms
These have been due to (i) Dix (continuous attack 
along "susceptible paths"), (ii) Logan (yielding prevents 
the formation of passivating films in the crack), and
(iii) Hoar and Hines (yielding assists the removal of 
cations from the lattice), and have been discussed in a 
general sense in Section 1. More specifically, fitting 
the present results into the basic framework of these 
mechanisms raises the following objections :
1. Cracking, as monitored in S1168, was 
discontinuous, although an electrochemical stage (a period 
of cracking dependent on the presence of the nitrate ion) 
was apparent, penetrating at a constant rate.
2. Mechanisms of type (ii) due to Logan and others 
have been based on measured p.ds. between oxide and 
exposed metal. Allowing that these might account for a 
driving force for propagation, they do not account for 
variations in susceptibility with alloying and heat treat­
ment or the concept of innate immunity to a potent s.c.c. 
environment. The effects of variation in mechanical 
properties on s.c.c. behaviourare often purposely elimin­
ated by the use of constant strain rate tests.
3. The present work showed the nitrate ion to be 
quite specific in its ability to cause s.c.c., being 
sensitive to the presence of foreign ions, all of which 
affect T^ in some way. Generally, the theories under con­
sideration have not accounted for this specificity sat­
isfactorily.
4. The present results indicate that more emphasis 
should be placed on the effect of yielding in reducing 
film-formation polarisation, rather than activation
polarisation.
Points favouring this group of theories are :
1. Cracking involved an electrochemical stage, 
and cracking under anodic polarisation was rapid and 
continuous. Hoar and his co-workers have carried out most 
of their work propounding continuous propagation under 
conditions of applied anodic potential.
2. Cathodic polarisation prevented and halted 
crack propagation, clearly indicating an important 
electrochemical component in the s.c.c. mechanism.
3. The high c.ds. necessary for electrochemical 
propagation have been shorn to be available when an oxide 
of critical properties is locally ruptured. Assuming 
that anodic polarisation can be drastically reduced, grain 
boundary penetration may occur under a sustained high c.d.
4. It is clear that segregation of solute to grain 
boundaries is essential to "sensitise" them in an electro­
chemical galvanic sense - in agreement with the concept of 
a "continuous susceptible path".
Periodic Electrochemical-Mechanical 
Mechanisms
Typical of these theories are those due to (i)
Keating and Evans (mechanical cracks triggered by electro­
chemical attack in cyclic succession), and (ii) Edeleanu 
and Eorty (restricted slip ahead of a corrosion fissure 
triggers off a brittle fracture).
Disagreements with the present work are :
1. The restricted slip theory cannot be applied, 
since materials allowing easiest dislocation movement 
under the conditions of the s.c.c. test were the more 
susceptible.
2. The induction period has been shown to be of 
critical importance, but it has not been satisfactorily 
accounted for by these theories.
3. The specificity of the nitrate ion cannot be 
easily accounted for by these theories.
In agreement with the present work :
1. Under isolated conditions, cracking was dis­
continuous, showing slow (electrochemical) stages and 
more rapid (mechanical) bursts of propagation.
2. S1168 is potentially brittle, having a relatively 
high oxygen content and low carbon content.
3* ©ie effects of alloying and heat treatment on 
s.c.c. behaviour (in a given environment) can be related 
to their effects on the mechanical properties of the 
materials under s.c.c* test conditions.
15*3*1*3* The Stress-Sorption Mechanism
Originated by Uhlig, these models attribute crack 
propagation to the reduction in surface energy of an 
incipient crack by adsorption of a critical ion, allowing 
brittle crack propagation.
In applying this hypothesis to the present work, other 
than the observation that the nitrate ion has been shown 
to be specific in its particular role, there are no 
observations which corroborate it. The main objections 
are :
1. The induction period, not accounted for tangibly 
by stress-sorption, has been shown to be critically 
important in initiating a crack.
2. Cracking was discontinuous, and in any case, the 
net rate was too slow for a predominately brittle cracking 
mode.
3. The slow yielding stage of crack propagation in 
S1168 was dependent on the presence of the nitrate ion.
4. S.c.c. behaviour was sensitive to changes in the 
redox potential of the solution.
3. Adsorption would be hindered by the presence of 
an oxide film.
6. In the large cathode/small anode situation of 
the crack tip, conditions of extremely vigorous anodic 
dissolution would not he conducive to the formation of a 
chemisorption bond.
7* The strength of the chemisorption bond would be 
expected to decrease with increasing temperature, thereby 
reducing the apparent activation energy for s.c.c. markedly 
if this was the r ad; e-determining process.
8. Crack propagation rate was shown to increase 
continually with nitrate ion concentration. By the 
stress-sorption model, it would be expected that a 
limiting activity of nitrate ions, i.e. sufficient to form 
a monolayer, would satisfy the necessary conditions for 
brittle crack propagation, whereby any further increase in 
concentration would not affect the crack propagation rate.
9. Ionic species other than those forming x(NO^) 
complexes would not be expected to alter the s.c.c. potency 
of the solution by the stress-sorption model as drastically 
as they were shorn to do.
10. Photomicrographs showed evidence of electrochemical 
activity in the crack and at the crack tip, and not all 
cracks were of the classical V-shape.
15«3»1*4. Hydrogen Cracking
Although some hydrogen may be formed due to the nature 
of the vigorous anodic electrochemical reaction in the 
crack tip, a mechanism of s.c.c. based upon hydrogen 
embrittlement, adsorption, or blistering is not favoured 
for the following reasons
1. Potentiostatic polarisation inducing a high 
cathodic current stopped cracking once it had begun. In 
high strength steels and titanium alloys, in which hydrogen 
is the damaging species, this treatment accelerates the 
process of cracking.
2. The activation energy for cracking of S1168 
(18.4 K cals/mole) was three times greater than the 
activation energy for diffusion of hydrogen in a-iron.
3- The oxidising nature of the environment would 
not allow the necessary stability of hydrogen in the crack 
tip for any adsorption or absorption process to take place.
4. Highly acidified nitrate solutions did not cause 
accelerated s.c.c. failures, but either resulted in a 
simultaneous dissolution reaction, or prevented s.c.c. by 
general corrosion.
15*3*2. Summary
Section 15*2. has considered the possible metallurg­
ical and electrochemical reactions which might take place 
during an s.c.c. test in hot nitrate solution, and which 
are possibly operative in causing failure of a specimen. 
Critical metallurgical factors have been shown to be 
dislocation-solute interactions and grain boundary inter­
stitial segregation; critical environmental factors are the 
uniquely partially protective passivating film and the 
aggressiveness at high anodic potentials below E p* In 
Section 15«2., the fundamental background to the proposed 
mechanism has been discussed and the requirements for a 
film rupture-initiated electrochemical grain boundary attack 
model briefly considered.
In Section 15*3*9 the results of the present work have 
been applied to the main established mechanism groups. 
Stress-sorption and hydrogen cracking theories cannot 
possibly be considered as a controlling basis for nitrate 
cracking in this respect. .However, the results correlate 
well with certain aspects of both continuous and discontin­
uous theories; in such an unsolved problem as s.c.c., a 
compromise such as this might be expected.
The model of nitrate cracking thus proposed accounts 
satisfactorily for those points upon which the established 
mechanisms fail, and further qualifies those points which 
substantiate the present results.
'J5*3*3* Outline of the Proposed Mechanism for
Nitrate Cracking
It has been shorn that three major correlations have 
been provided between the various experimental result 
sections and basic isolated s.c.c. behaviour, being :-
(i) Physical metallurgical correlation,
(ii) Oxide film fracture correlation,
(iii) Anodic polarisation grain boundary attack 
correlation.
Prom these relationships, a mechanism has been evolved 
for the nitrate cracking of high purity iron under the 
present conditions. It substantiates and elaborates on the 
early ideas of Logan, and the mechano-chemical models 
proposed by Hoar and co-workers for s.c.c. in stainless 
steel, although it envisages a discontinuous sequence of 
cracking.
The sequence of events in a cracking system is thought 
to be : on immersion an oxide film is built up of
critical physical properties which eventually fractures by 
propagation of cracks stemming from discontinuities which 
are in high concentration in regions coincident with 
metal grain boundaries. An initial high c.d. attack 
occurs creating a small stress-raiser. The stress at the 
tip of this fissure is very high and yielding prevents the 
fall in c.d. from the formation of a protective film. 
Continued attack occurs under a high e.m.f. due to galvanic 
action between crack tip and walls, oxygen cells, and 
concentration cells, etc. Once the electrochemical fissure 
has achieved a critical size, a mechanical brittle inter- 
granular fracture occurs, eventually slowing down and 
stopping by plastic accommodation and an electrochemical 
stage is re-initiated.
The major criterion for s.c.c. is that the state of 
yielding at the crack tip should not allow the formation of 
a protective film, in which case propagation will continue.
The metallurgical condition of the material deter­
mines (i) degree of strain-aging during the test, related 
to (ii) the strain at the crack tip, (iii) the degree of 
grain boundary solute segregation, and (iv) tendency for 
self-passivation. The significance of the nitrate ion 
lies in (i) the inadequate protectiveness of the pass­
ivating film, (ii) the comparatively long time to 
repassivate, t^, and (ii) the aggressive attack at anodic 
potentials below ^pp- Variations in s.c.c. are due to 
variations in the relative kinetics of certain of these 
points; thus increasing t and the protectiveness of the 
film reduces the chances of s.c.c., and softening the 
material or inducing high grain boundary interstitial 
segregation increases the chances of s.c.c.
15*3*4. Detail of the Proposed Mechanism
13*3-4.1. The Induction Period
The object of the induction period is to initiate an 
"embryo" crack; its function then ends and propagation 
mechanisms take over. It is a necessary precursor to 
cracking which can only be justifiably eliminated from the 
natural sequence of s.c.c. by a test under anodic polar­
isation or by■pre-cracking the test piece.
The induction period, T^, lasts from the moment the 
air-formed film on a specimen is destroyed up to the point 
of crack initiation; in the present work, T^ xvas shown to 
occupy approximately 70% of Tp. Monitored indirectly by 
the metallography of specimens removed at various fractions 
of Tp, and directly by the dial gauge rigs and potential/ 
time curves, specimens showed little surface change during 
T^, and therefore-it appears to contribute nothing towards 
crack propagation. There was no visible cracking of metal 
during T^, and no visible yielding (the dial gauge was in 
fact unable to detect small unyawning cracks less than 10p 
in length - but these would be visible by metallography of 
a specimen reduced in span). Potential/time curves showed
no anodic deflections characteristic of minor fissure 
formation during T^.
Stress, producing plastic strain, is necessary during 
T^; although there was no detectable cracking in the metal, 
there was direct* evidence that strain is a necessity for 
efficient crack initiation. Thus, in a test in boiling 
5N 20:1 0a(N0 Tfm for S1168 was 14.5 minutes
and T^ was completed in about 10 minutes. Now, a specimen 
of S1168 immersed unstressed in this environment for 10 
minutes, then subsequently stressed- still in the solution, 
showed a reduction in T^ of 30%. If the unstressed 
immersion had produced the same changes as T^ itself, this 
reduction would have been about 66-?0%. These "changes" 
are in fact modifications in the growth of the magnetite 
film, as discussed, and strain has been shown to affect 
the protectiveness of the passivating layer markedly.
The ultimate effect of T^ could not be monitored as 
it happens: it is the final propagation of a fissure through 
the film to expose the metal grain boundaries. This is 
brought about ideally by the combination of a weakly 
passivating solution (forming a film of poor compactness 
and adherence) and a yielding metal substrate, i.e. the 
conditions of the nitrate s.c.c. test. In the 10 minutes 
unstressed immersion discussed above, the absence of strain 
prevented complete grain boundary fracture on subsequent 
bending - although the fact that partial grain boundary oxide 
breakdown occurred confirms that epitaxial growth causes 
inherent weakness in these regions.
It has been shown that the protection due to the
passivating film depends on the reaction between pores or
discontinuities and the environment and, assuming re­
passivation occurs, the amount of dissolution prior to re­
passivation (or the rate of re-passivation). Alloying 
additions to the metal will aid the rate of re-passivation,
thus a 1% chromium addition to the basic iron contributes to
an extended induction period form of "immunity" in this way.
The first important property of the nitrate ion, therefore, 
is the re-passivation time, t^, on an exposed active 
surface.
Section 14.5- showed that the second property of the
hot nitrate solution is the extremely high dissolution
rate at potentials below E_^ and-above E^ __. Where a
^  pp corr
narrow region of active metal, e.g. a grain boundary, is 
exposed in a field of highly cathodic material, e.g. 
oxide - covered grains, the c.ds. available are sufficient 
to induce an initial attack to a finite depth before anodic 
polarisation stifles further attack. It is proposed that 
stress-corrosion crack propagation will only take place 
ad-ong a sensitised grain boundary. Thus,crack initiation 
(defined as the production of a fissure sufficiently 
large to create a high stress distribution at its tip) 
occurs only where the oxide film has fractured over a 
metallic grain boundary, the high c.d. creating a stress- 
raiser . Photomicrographs showed discontinuities in the 
oxide over the metal grains which, in S1168, were probably 
coincident with inclusion globules. In the instance of a 
non-sensitised region being exposed, anodic dissolution 
would be confined to creating a pit, its size depending 
on the nature of the oxide discontinuity, which, in the 
absence of anodic depolarising factors, would re-passivate 
and plug up with oxide.
The order of s.c.c. resistance in the four materials
considered was S1168 < tempered Fe/1Eh < as-quenched
Fe/1Mn < Ee/1Cr. It has been shown that both T. and T1 c
are equally affected by environmental variables; thus it 
is proposed that the metallurgical considerations 
producing the above sequence, relating to the length of T^ 
in a given environment, are :-
(i) the degree of strain during an s.c.c. test,
(ii) microstructural heterogeneities,
(iii) reduction in t^, or tendency towards • self­
passivation.
The induction period will be shortest where (i) and
(ii) are marked and (iii) is absent (e.g. S1168), and 
longest where (i) is-very low and (iii) is present to some 
degree (e.g. Fe/1Gr). In the present work, the effect of
(i) on varying T_^  was not so marked as its effect on 
crack propagation rate. Thus both susceptible and res­
istant Fe/1Mn exhibited similar apparent kinetics of 
oxide fracture coincident with metal grain boundaries, 
but resistant JPe/1Mn took a much longer time to stress- 
corrode (and under anodic polarisation trenched to a 
limiting degree) due to a combination of low yielding in 
the test and less grain boundary carbon. Seemingly, only 
a limited degree of strain is necessary to invoke oxide 
fracture during Ih (where (iii) is absent), compared to 
that required for crack propagation.
Thus, T_^  is envisaged as a period of "conditioning1 
of the metal surface involving no permanent grain boundary 
fissuring of the metal, but rather the development of an 
oxide of critical properties in an environment of critical 
ionic composition, and its ultimate fracture over metal 
grain boundaries. This proposal is in contrast to most 
others in the past which have regarded T^ as the incub­
ation of embryo cracks whichpropagate on exceeding a 
critical length.
15»3*4.2. Crack Initiation
Crack initiation connects the induction period with 
the crack propagation period. Once an active grain boundary 
has been exposed amidst the oxide film, under a high c.d. 
a degree of anodic dissolution will occur irrespective of 
whether the boundary is sensitised or not. Sensitisation 
of the grain boundary (imparting the necessary electro­
chemical properties for propagation) determines the 
future of the initial boundary groove.
The crack initiation period lasts as long as anodic 
polarisation and ohmic considerations will allow the 
initial fissures to develop down into the metal, building
up a stress concentration at the tip. For cracking to 
occur, the role of strain must he to take over the prop­
agation of the embryo crack at a point where its prop­
agation due to the high stresses at the tip is possible 
from both mechanical yarning and anodic de-polarisation 
considerations. The initial c.d. producing the embryo 
crack must be sufficient to give a crack long enough for 
this prior to its self-stifling and re-passivation by the 
environment.
To summarise, stress-corrosion crack initiation will 
occur, and lead to propagation provided that (i) a 
successful induction period has been carried out exposing 
grain boundaries, and (ii) a high c.d. is available to 
prevent plugging of the exposure before the fissure has 
attained stress-raiser dimensions.
15o3*4.3* Crack Propagation.
This final period of the specimen life concerns the 
intergranular growth of the initial electrochemically- 
produced fissure resulting from the induction and crack 
initiation periods.
Evidence for a possible mechanism of crack propagation 
in the present work comes from (i) optical and scanning 
electron microscopy of existing fractures, and (ii) dial- 
gauge monitoring in conjunction with potential/time curves, 
which provided direct evidence of a discontinuous cracking 
mode. The reproducibility of this cracking pattern, shown 
in both two and three-point loading rigs, and the smoothness 
of "cracking” in tests under anodic polarisation in the same 
rigs, indicates that sticking friction was not the cause 
of the discontinuous yielding.
It is proposed that the crack propagation sequence in 
the nitrate cracking of high purity iron comprises two 
components: (a) electrochemical, and (b) mechanical 
( distinct from the effect of strain on (a)). Thus, 
for a given potent s.c.c. environment, three factors are
responsible for crack propagation in the highly susc­
eptible S1168, being:-
(i) The presence of a susceptible path, i.e. a 
highly localised anodic region, either in or adjacent 
to the grain boundaries providing a high driving e.m.f. 
for electrochemical dissolution,
(ii) The maintenance of this e.m.f. in the face of 
the tendency for the environment to passivate active 
surfaces in time t . This is one of the physical
ir
metallurgical aspects - in determining straining rates at 
the crack tip.
(iii) Mechanical propagation arising from the high 
brittle/ductile transition temperature of the material.
It is clear that, although a high c.d. developed at 
an emergent grain boundary will induce an initial attack, 
a localised path is essential to maintain the necessary 
fissure geometry, inducing a high stress at its tip, and 
to cause the absence of transgranular off-shoots of the 
crack.
The physical metallurgical and anodic polarisation 
correlations with isolated s.c.c. tests appear to have 
confirmed the views held by previous workers (^0*80,92) 
that carbon segregation to grain boundaries gives rise to 
the continuous susceptible (anodic) path necessary for 
crack propagation; thus, the proposed dissolution of a 
grain boundary due to its inherent high energy is in­
appropriate. How, exactly, carbon - either as discrete 
carbide clusters, or in interstitial solution at grain 
boundaries - induces preferential anodic dissolution is 
extremely difficult to forecast. In the present work, 
there was no evidence on which to base a suggestion; even 
the repeated sections and the scanning electron-micrographs 
of the fracture surface could not indicate whether a grain 
boundary itself or the adjacent ferrite was preferentially 
attacked. However, the-following are suggestions as to 
how the necessary e.m.f. for propagation might be generated
between a grain boundary and adjacent grain ferrite due 
to interstitial segregation:-
(i) Anodic dissolution of ferrite adjacent to the 
more cathodic carbide ^^3) or interstitial films. This 
has been observed indirectly in thin foils immersed in hot 
nitrates (53*77*85)^ Also, McLean ^ Q ^ e d .  evidence 
for nitrogen segregation in thin films of Fe/0.01%H where 
the ferrite adjacent to the grain boundaries thinned more 
than the bulk during their preparation, and Phillips w  
found ridges at grain boundaries in Fe/0.01C/0.0039H due 
to their cathodic nature when segregated after prolonged 
aging at room temperature.
(ii) Lattice distortion. Parkins v J suggested 
that lattice distortion due to grain boundary carbide 
precipitation in mild steels would give rise to high p.ds. 
and provide a corrosion-sensitive path. Hale and McLean^ 
stated that the precipitation of intermediate carbides 
and nitrides in a ferrite matrix causes very high strains 
owing to parameter differences which may be as much as
12% ( in non-grain boundary regions). This was demonstrated 
in Fe/0.05wt%C and Fe/0.01wt%N alloys.
In this category, dislocation pile-ups at grain boun­
dary solute clusters giving rise to more active ferrite 
might be included.
(iii) Interstitial segregation increasing the corrosion 
rate by accelerating the cathodic reaction, i.e. assisting 
cathodic de-polarisation
(iv) Catalytic facilitation of the adsorption of 
anions has been suggested as the necessary factor for 
stress-sorption; although it would not account for high 
dissolution rates, interstitials acting in this way would 
assist the solvation process.
Although some sort of electrochemical path is a 
necessary precursor to crack propagation, whether a very 
high e.m.f. between unfilmed grains and grain boundaries is
a requirement is doubtful. Once the initial fissure has 
been produced and the tip is kept active by strain, the 
unstressed sides will become passivated and an e.m.f.
(which has been shown to be substantial) will be con- 
tinuously provided by the cell Efilmed n e t a l ^ V 7
Vfilmed metal- e.m.fs. will be provided by
oxygen concentration differences (the depleted region
towards the crack tip will be more anodic), and ionic 
concentration cells.
Assuming then, the existence of a path which increases 
the driving e.m.f. up to that value resulting in high 
dissolution rates, the problem is overcoming the anodic 
polarisation due to film formation at the tip of a 
potentially propagating fissure. Propagation is now a 
question of kinetics involving a balance between two 
critical rates, viz. (i) the-rate at which a passivating 
layer (which reduces the c.d. markedly) can form on the 
localised active anodic regions, and (ii) the rate at 
which metal yielding in the region of the high stress 
intensity at the crack tip can occur under the applied 
load. Thus, in order to maintain a high c.d. at the tip, 
and cause its electrochemical propagation, active material 
must be exposed as rapidly as possible, and this area 
should be as large as possible.
The kinetics of passivation and the specificity of the 
nitrate ion in this respect have already been discussed.
The activation energy for nitrate corrosion at a high 
anodic potential on an unstressed S1168 electrode was shown 
to be very low compared to the activation energy for s.c.c. 
of the same material, and this value (18*4 K  cals/mole) 
was approximately independent of the concentration of the 
solution. In view of the importance of plastic strain in 
the vicinity of the crack tip in the crack propagation 
mechanism, it is proposed that the correspondence of the 
obtained activation energy for s.c.c. with the range of 
values for the diffusion of interstitials in a-iron is no 
coincidence.
As emphasised earlier, although a dissolution process 
vigorous enough to produce a fissure may he available, 
this will rapidly degenerate unless strain can reduce 
activation polarisation and eliminate film formation.
The process of crack propagation is therefore controlled 
by the rate at which dislocations can arrive in the 
region of high stress at the crack tip and allow yielding 
of the fissure. In high purity iron the heat treatments 
carried out to produce the s.c.c. specimen clearly did 
not result in total interstitial segregation to grain 
boundaries. This is shown by the hot inert environment 
results (Section 12.3*) in which under s.c.c. conditions 
(applied load plus high temperature) favouring strain- 
aging, S1168 showed the highest creep rate compared with 
the pure iron alloys, whereas in a room temperature ten­
sile test this material exhibited the highest yield point. 
The non-segregated interstitials pin dislocations and 
control their movement during the s.c.c. test thereby 
giving rise to the observed activation energy for nitrate 
cracking.
In addition to electrochemical considerations of 
crack propagation, a mechanical propagation component has 
to be introduced. The sequence of crack propagation in 
S1168 was monitored as a succession of cyclic steps of 
slow and rapid yielding. The slow propagation occurred at 
a fairly constant rate, but the rapid steps produced an 
increasing amount of yielding with time. Now, it was 
shown that the slow steps were dependent on the presence 
of hot nitrate solution, and therefore it is reasonable 
to suppose that these stages of propagation are the result 
of electrochemical'attack. Furthermore, they produced 
yielding rates only slightly increasing with reducing 
specimen cross section, and therefore with strain at the 
crack tip. Clearly, once strain has exceeded the critical 
value for dynamic prevention of passivation, any increase 
would markedly affect a mechanical mode of propagation but 
i'/ould not, as observed, be expected to increase a
dissolution propagation - greatly - in accordance with the 
results of Section 15*2.2.7* and Windfelt (202)^ Thin is 
further evidence for a discontinuous mode of cracking 
based on cyclic electrochemical-mechanical stages.
In the past, most periodic electrochemical-mechanical 
mechanisms have been based on the embrittlement of material 
ahead of a crack tip by environmental agencies. In the 
present work it is suggested that an inherent ability to 
advance mechanically, i.e. inherent brittleness’under high 
rates of loading, is useful in increasing the overall 
propagation rate and, importantly, in exposing a larger 
area of metal on which the electrochemical dissolution 
can occur.
The high susceptibility of S1168 compared to the 
iron-based alloys. is therefore the result of both
a shorter induction period and faster (easier) crack prop­
agation. The latter may be attributed to the presence of 
oxygen in the material adversely affecting the brittle- 
ductile transition temperature. An electrochemically- 
initiated fissure creates a "notched tensile" situation 
which, under the applied load., markedly affects the 
mechanical properties of the material ahead of the crack 
tip. Thus, the rate of loading is raised compared to an 
unnotched specimen and plastic strain is concentrated as 
the plastic zones ahead of the tip are developed. Once 
the electrochemical fissure has reached a critical length 
and has developed a corresponding critical shear stress at 
its tip, a brittle intergranular fracture is initiated 
which propagates rapidly through a large amount of 
material (causing an anodic deflection in a potential/time 
trace) in a net direction normal to the applied stress 
until accommodated-by the accumulating plastic deformation 
associated with it. The fracture remains intergranular 
owing to the lower effective surfaceenergy for cleavage 
than in the grains (206)  ^ mechanical component of
cracking would, of course, increase in intensity and 
frequency with increasing stress at the crack tip, as 
observed.
The importance of a possible mechanical stage of 
cracking arises where the grain boundary anodic suscept­
ible path is not continuous. This might be the case in 
S1168, where repeated section micrographs showed both 
V-shaped and rounded crack tips, there being a poss­
ibility that the extreme roundness of a tip indicates 
a general rather than intense localised dissolution 
owing to lack of a further established anodic path.
In a material less prone to brittle fracture in the same 
way as S1168, interstitial clusters at grain boundaries
may assist s.c.c. by acting as barriers to dislocation
( 2 0 7 )movement, the pile-ups then producing micro-cracks v f ' 
and small stages of mechanical rupture.
Thus, following the formation of the initial stress- 
raiser at the end of the induction period, the sequence 
of events leading to final fracture in high purity iron is 
envisaged as follows :~
1. Development of a region of high stress intensity 
at the root of the fissure. For a crack opening under a 
surface tensile stress, the stress distribution in the 
material around the tip is-thought to be as shown 
schematically in Figure 13*3- (208) & c]_ose approx- 
imation. The shaded region is where yielding occurs.
2. Electrochemical dissolution occurs at the crack 
tip where bare anodic metal has been exposed. The e.m.f. 
generated depends on the activity of the grain boundary 
region as dictated by the presence of interstitial atoms 
or clusters and the potential drop down the crack. The 
rate of anodic dissolution depends upon (i) the e.m.f. at 
the tip not exceeding too greatly E , in which case 
passivation would occur in the slowest time, and (ii) the 
arrival of dislocations at the region of yielding being 
rapid enough to exceed t • In other words, once metal atoms 
at the crack tip have become aquo-ions they must be rapidly 
removed to enable the c.d. to be held at a high enough 
value for this attack to continue.
3. The electrochemical stage of crack propagation 
must occur in a sufficiently localised region to create 
the necessary conditions for the brittle fracture stage 
to occur. Eventually this stage of rapid propagation is 
slowed and halted by the increasing plastic deformation.
4. At this point, the electrochemical propagation 
mechanism takes over, but at a slightly increased rate 
owing to the cold-working of material by the brittle 
fracture.
5. This sequence continues through to final failure, 
which is probably a combination of ductile and brittle 
modes entirely due to mechanical parameters stemming from 
the inability of the specimen to resist the applied load.
/As a corollary of the proposed mechanism for crack prop­
agation, it remains to account for the effect of the 
alloying additions manganese and chromium to high purity 
iron, and heat treatment of these materials, on crack 
propagation rate. It has been shown that the T^ is 
related to the degree of microcreep occurring under the 
s.c.c. test conditions. Similarly, the distribution of 
interstitial solute and the consequent freedom of dis­
location movement in Fe/1 Mn and Fe/1Cr may be related to 
the crack propagation rate according to points (i) and
(ii) of the factors responsible for propagation, as 
discussed in Section 13*2.1. and elsewhere. The degree 
of grain boundary interstitial segregation, controlled by 
the type of substitutional addition (carbide-forming or 
non-carbide-forming),-will critically affect the 
available driving e.m.f. and the continuity of the 
anodic region. This contributes to the immunity of 
Fe/1Cr in which most carbon and nitrogen is held in the 
grains, and the inversion of s.c.c. behaviour of Fe/1 Mn 
on tempering.
The ease with which the crack tip can yield will 
affect the activation polarisation and the film formation 
polarisation. Thus, the order of highest available c.d.
for electrochemical propagation (along a given active 
path) will he: tempered Fe/1Mn > as-quenched Fe/1Mn 
> Fe/1Cr. In Fe/1Cr the combination of very short t ,
XT
lack of a continuous anodic grain boundary path, and low 
yielding rate, make this a highly resistant - in fact 
inherently immune - material.
To summarise, the rate of crack propagation in a 
given environment depends on the balance between the rate 
of micro-yielding at the crack tip and the degree of 
interstitial segregation at grain boundaries. Generally, 
of course, the presence of one means the presence of the 
other. Where the grain boundary path is very discon­
tinuous the driving force for electrochemical propagation 
depends mainly on the available e.m.f. from the cell
Ecrack sides/N03_/Ecrack tip the rate of yielding is 
the controlling factor in this respect.
13*4. The Prevention of Nitrate Cracking
In several previous studies, a material has been 
considered "immune" to s.c.c. upon surviving 200 hours 
in the aggressive environment, without really considering 
what "immunity" means, i.e. whether cracking is never 
initiated, or whether it is initiated but proceeds by a 
laborious process involving a large element of chance.
The present work has shown that there are two basic 
methods of inducing resistance to s.c.c. for a metal 
which must be subjected to a tensile stress, and where 
ihe nitratrr io& concentration is fisccd: : (i) by-
modifying the environmental parameters,and (ii) by 
altering the microstructure, or imparting "immunity".
As a corollary of the proposed mechanism for cracking, 
the approach to the prevention or. retardation of nitrate 
cracking in a susceptible high purity iron would be as 
follows :-
1. Improve the film-forming inhibitive properties 
of the environment: t should be reduced drastically in 
order to prevent formation of a fissure liable to 
propagation. Using potentiostatic polarisation curves,
additions should be chosen which lower both E and icrj^ 
and reduce the dissolution current through the passive 
film,
2. Increase the general corrosiveness of the 
environment: nitrate cracking relies on a state of
partial inhibition; the addition of sufficient de- 
passivating ions such as Cl~ or SO^ undermines and 
destroys the oxide film, and uniform dissolution prevents 
the necessary selective attack for crack initiation.
3. Cathodic protection: provided that it is
continually maintained, nitrate cracking can be prevented 
in this way since the necessary oxide formation and 
anodic activity are thermodynamically unfavoured. Removal 
of cathodic protection, however, is liable to allow 
rapid re-establishment of cracking conditions.
4-. Prevent the establishment of susceptible grain 
boundary paths by critical heat treatments or, more 
effectively, strong carbide-forming alloying additions 
such as chromium or vanadium.
3. Add sufficient chromium to induce rapid self- 
passivation in the oxidising environment.
6. Raise the grain boundary cleavage strength by 
reducing the oxygen content in the iron to the lowest 
possible level.
7 . Add sufficient substitutional solute for solid- 
solution hardening.
S.C.C. Testing Under Applied Anodic Potential
The direct relationships described in Section 13*2-3*6. 
between the shape of the potentiostatic anodic polarisation 
curve or degree of intergranular attack in stressed or 
unstressed specimens under applied anodic potential with 
s.c.c. behaviour in isolated conditions, hafl&been demon­
strated. As a corollary of this, it is proposed that s.c.c. 
tests under these conditions may offer a convenient
sorting test for nitrate cracking which is reliable, 
convenient, and time saving. Furthermore, "immunity” - 
indicated by lack of intergranular attack under the severe 
conditions of anodic polarisation - would be a more 
reliable guide to innate resistance than an arbitrary 
threshold T^ value.
Thus, a new test is envisaged whereby eithers(i) 
unstressed specimens are subjected to a fixed time at 
a given potential, then bent and examined for inter­
granular attack, or (ii) ordinary s.c.c. tests are sub­
jected to potentiostatic control. In conjunction with 
microscopy, test (i) may yield quantitative information 
if tests along the lines of Section 14.5* are carried 
out, and current increases due to bending in the 
environment after a period at fixed potential, are 
recorded.
In suitable conditions, where a minimum of general 
attack occurs, this method might be adaptable for 
mechanism studies.
16. CONCLUSIONS
The nitrate cracking of high purity iron and pure 
iron-based alloys has been investigated, and a model for 
the mechanism of s.c.c. relating to high purity iron under 
the present experimental conditions - but with app­
lication to constant load nitrate cracking tests in 
general - has been proposed.
The phenomenon involves a critical combination of 
stress, producing plastic strain, and the presence of 
the specific ion-virtually throughout the whole of the 
specimen life, i.e.-during both the induction and crack 
propagation periods. The mechanism incorporates a 
discontinuous sequence of cracking,involving stages of 
yield-assisted dissolution and brittle mechanical 
propagation occurring in cyclic succession. It is a 
"film-rupture” model only in the sense that crack 
initiation is suggested to occur by this means.
The requirements for nitrate cracking in high purity 
iron are as follows :~
1. The passivating film must be critically 
developed, i.e. built up on a deforming ductile metal 
surface, so that fractures coincident with metal grain 
boundaries occur in order to provide the driving e.m.f. 
for crack initiation. The environment must lack the 
ability to reheal a discontinuity spontaneously in order 
that crack initiation and propagation can occur.
2. Metal grain boundaries must be sufficiently 
anodic to the adjacent grain material to provide a 
localised and continuous sensitive path for propagation.
3* The c.d. at the crack tip must be greater than 
at the sides of the crack and on the specimen surface.
This is a function of the specific environment,
4. The rate of yielding at the crack tip must be 
sufficient to exceed the rate of passivation, aid 
activation polarisation-, and prevent the depletion of
active ions in order to maintain vigorous anodic 
dissolution without a reduction in the driving e.m.f.
Increase in specimen life for a critical s.c.c. 
environment is due to either, or a combination of, the 
following
1. Insufficient yielding and tendency to self- 
passivate, which may prevent crack initiation.
2. Insufficient strain at the crack tip, which 
reduces the available c.d. for anodic dissolution by 
allowing partial passivation and slows the electro­
chemical propagation.
Depletion of grain-boundary interstitials, 
which lowers the available p.d* and prevents electro­
chemical propagation.
17. SUGGESTIONS FOR FUTURE WORK
Evidence for the-concept of the grain boundary
"susceptible path", i.e. carbon atom segregates
existing to a greater degree in S1168, and to a lesser
degree in Fe/1Cr, has been obtained indirectly from
measurement of mechanical properties, tests under anodic
polarisation, and published work - mainly from the
internal friction field. However, whether a sensitised
boundary in a material of such low interstitial content
could be actually seen directly is doubtful. Autoradio- 
14graphy using C is a possible technique for an iron of
higher carbon content but not for the present materials.
( 2 0 9 )Long v had some thin foils prepared from heat- 
treated R.T.B, pure iron, resistant Fe/1Mn, and Fe/1Cr 
for transmission electron-microscopy, but although he and 
the present author found no correlation in terms of 
either dislocation density and structure, or grain 
boundary appearance,with s.c.c, behaviour, this does not 
mean-that electron-microscopy should not be persevered 
with. Carefully controlled experiments involving the 
preparation of foils from stress-corroded materials, 
or the nitrate corrosion or s.c.c. of foils may indeed 
yield useful results. In addition, how exactly inter­
stitials promote anodic activity in the grain boundary 
region has to be established.
A further most important facet of the present work 
which commands a complete study in itself, is the kinetics 
and morphology of the growth-of the passivating film on 
iron in hot nitrate solution. Owing to the comparatively 
poor inhibitive ability of the nitrate ion compared to 
others such as nitrite or chromate, remarkably little 
work has been carried out on this aspect. X-ray or 
electron diffraction studies along the lines of those of 
Cohen and his co-workers would yield useful results, 
especially regarding the kinetics of passive oxide film 
formation on a deforming metal substrate - another aspect
which has hardly been touched upon in the literature, 
even for the more powerful inhibiting anions.
Other work which might usefully be considered in 
order to confirm or add to the present results 
includes
1. The effect of systematic increases in the 
addition of carbon to an ultra-pure (immune) iron, 
eventually promoting the precipitation of bulk carbides.
2. Application of the present methods to a study 
of caustic cracking, especially with relation to the 
reported inhibition of caustic cracking by the nitrate 
ion.
3* Further environmentally-biased experiments with 
the use of constant strain-rate rigs.
4. A more fundamental approach to crack prop­
agation using less mechanically-complicated tensile 
straining conditions, and highly sensitive (recording) 
apparatus for measuring crack propagation.
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APPENDIX 1
POTENTIOSTATIC POLARISATION CURVES FOR THE 
IRON/NITRATE SYSTEM
List of Figures
1. S1168 in 5N Ca(N05)2 , 18°C and 105°C (boiling).
2. S1168 in 5R EH^NO*, '105°C.
3. S1168 in 5N 20:1 CaCEO^/M^EO^, 105°C.
4. Ee/1Mn, as-quenched and Ee/1Mn, tempered, in
5E 20:1 Ca(N03)2/NH4N0^, 92°C.
5. Ee/1Cr in 5E 20:1 CaCEO^/ira^EO^, 92°C.
6. Ee/1Cr, stressed and unstressed, in 
10E Ca(N03)2, 92°C.
7. S1168 in 5N 20:1 CaCEO^/EH^EO^ with 50g/l, 
106°C.
8. S1168 in 5E EaE02, 105°C.
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APPENDIX 2 NITRATE ION MIXTURES
• ^ • Calculation of Quantities of CaCNOQ o  and
Required For Variable Hatio Cation 
Concentration*, Pixed Nitrate Ion Concentration 
Solutions
Equivalent Weight of CaCNQ^^.^-E^O
Thus a N solution of CaCNO^^.^-H^O contains 118.08 g/1
Equivalent Weight of NH^NO^ = 80.08
Thus a N solution of NH^NO^ contains 80.08 g/1 NH^NO^
As xN Ca(N0^)2.zl-H20 = x 118.08 g/1, for a 
constant nitrate concentration :
(5-x)N PH^NO^ = (5-x) 80.08 g/1.
Thus for a 20:1 CaCNO^^/NK^NO^ solution :
20 = 118.08 x
(5~x) 80.08
8008-1601.6x = 118.08 x
x « 4-.66N.
Thus for a 20:1 mixture we require :
54-9.78 g/1 Ca(N03)2.4H20
= 236.16 
2
fe 118.08
APPENDIX 2
2.2. Quantities of Chemicals Necessary for 
Various Mixed Ion Solutions.
5N Solutions
Ratio g/1 Ca(N03)2.4H20 g/i nh4n o 3
5:0 590 .'4
4.9:0.1 578.6 8.008
4.66:0,34- 549.78 27.22
4-: 1 4-72.3 80.08
5:2 554.2 160.16
2:3 236.16 240.24
1:4 118.08 320.32
0:3 - *■* 400.40
Ratio g/1 Ca(N03)2.4H20 g/1 CaCl2.6H20
5:0 590.4-
4.9:0.1 578.6 10.95
4.8:0.2 566.81 21.91
4.7:0.3 555.0 3 2 .8 6
4.5:0.5 551.4- 54-.*77
4.4:0.6 519.55 65.72
4:1 4-72.5 109.54-
5:2 554.2 219.08
2:3 236.16 328.62
1:4 118.08 438.16
0:5 — 547.70
Ratio g/1 NH4N03 g/1 NH^Cl
5:0 400.4
4.8:0.2 384.2 10.7
4.6:0.4 368.25 21:4
4:1 320.16 55.5
5:2 240:12 1 0 7 .0
1.5:5.5 120.06 1 8 6 .5 7
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FIGURES
current
C s' Cathodic areas.’
A = Anodic crack tip.
I = Corrosion current in the 
absence of stress.
I_= Corrosion current due to 
strain at the crack tip.
FIG.1.1. Anodic and Cathodic Polarisation in the Crack Tip,
time
FIG.2.1» Potential/Time Curve for a,Stressed Wire in a S.C.C 
'Environment. After Hoar, and Hines (.2*0.
lOhrs
time
FIG.2.2. Potential/Time Curve for a Susceptible Pure Iron-Based 
Alloy in Boiling Nitrate Solution. After Long (11).
Figure.3*1* Equilibrium Groove at a Grain 
Boundary Produced by Elimination of 
Unstable Grain Edges of Crystals A and B. 
(After W.'H/Robertson and R.Bakish( 56).
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■' Figure 3.2. Potential Difference Between 
Grains and Grain Boundaries of Copper in 
FeCl . After R.Bakish and W. D. Robertson(57)
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Figure. 3*3* Schematic Current-Potential 
Diagram of Grains and Grain Boundaries of 
Mild Steel in Boiling Concentrated 
Ca(N0:.)o Solution.(After Eagell and 
Baumei (14).
m
Figure. 3*4. Anodic Polarisation Curves 
for Iron Crystals in WH^NO,.
Curve 1;Single Crystal ^
Curve 2;Bi-Crystal
Curve 3;Large-Grained Polycrystal.
(After J.Mieluch and M.Smialowski (116).
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Figure £.4. Specimen Straining Components 
of the S.C.C. Rig.
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FIG. 8 . 6 . S.C.C. SPECIMEN PRE-STRAINING JIG
F [ G a.7. ATTACHMENT OF DIAL 
GAUGE TO STRAINING HEAD
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FIG 8.9. 2 - POINT
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Figure S.8. Dial Gauge Attachment to the
S.C.C, Rig.
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F IG 8 .IL DRIFT 4 . FLUCTUATION IN POTENTIAL
OF AN RTB Fe REFERENCE ELECTRODE 
IN 60°/oCa(NOj)2 + 3°/o NH4 NO3  (previously 
immersed lOOhrs in same solution.)
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FIG: 8.13.
DETAIL OF POTEN1QSTAT' CELL
Figure S.14. Arrangement of the Combined 
Potentiostat Cell and S.C.C. Testing Rig.
10.1.
x500
Figure 10.1. Scanning Electron-Micrograph of an 
S1168 Surface After Pickling 4 Minutes in Restrained 
5% HC1 at 95 C.
263.
10.4 . 
x 120
10.2. As-Rolled.
10.3* Austenitised 930°G 30 minutes, water-quenched. 
10.4-. As 10.3°? Tempered 330°C 30 minutes, air-cooled.
Figures 10.2.-10.4. Microstructures of S1168 at 
Each Stage of S.G.O. Specimen Preparation Heat 
Treatment.
2
.
0
r
O
O
co
in rv
ro
O
UOJSOJJOO
FIG
. 
II. 
I. 
AS
SE
SS
ME
NT
 
OF
 
CO
RR
OS
IO
N 
IN 
BO
IL
IN
G
 
5N 
Ca
(N
O
j)2 
FO
R 
UN
ST
RE
SS
ED
 
SP
EC
IM
EN
S.
o00 LO
CM
CL
oo
CL ^
LO CO
C_
f3*ys 5A) JDj 3 p o j ; 0 3 | 3
LU
h-
LO
>■
lO
LU
f-
<a:
h i L
Z O  fc 
o  —i ?,
□C CL ^
o 2  uj
Ll !±! LO 
2  LO
LU □  <  
O  *
m
LU K  
^  LO J-
< x i
h u . D  
2 -  O  
UJ5
2 o
LU
-J cC< < 
O C L
E 2
> 0
H O
CM
O
LL
70 80 90  100
10
Cl
Co
3 0  29
Temperature, U^x 10'
3-3
FIG. 11. 3. TH E INFLUENCE OF TEMPERATURE 
ON THE CORROSION RATE OF SII6 8 , 
' POTENT IOSTAT 1 C ALLY POLARISED AT 
OmV, IN 5N C a tN O ^ .
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Figures 11.4.-11.8. Attack on Unstressed S1168 
in Boiling Ga(U0^)2 and
contd...
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x200
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11.4. 100 hours in 5N CaCNO^)^,, 
11.5« 30 minutes in 5N NH^NO^.
11.6. 1 hour in 5N
11.7. 20 hours in 5N
11.8. 88 hours in 5N ML, NO*,
11.11.
x900
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11.9. S1168.
11.10.Fe/lMn, Tempered 1 hour 700°C.
11.11.Fe/lMn, As-Quenched.
11.12.Fe/lCr.
Figures 11.9.-11.12. Scanning Electron-Micrographs 
of S1168, Fe/lMn, and Fe/lCr After 80 Minutes 
Unstressed Immersion in Boiling 5N Ca(N0^)2.
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Figures 12.1.-12.10. Repeated Sections Through a S.C.G. 
Specimen of R.T.B. High Purity Iron ,WQ, Removed Several 
Minutes Before Expected Failure in Boiling 60% Ca(N0-.)o + 
y/c HH^NO,. 3 2
contd...
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Figures 12.11.-12.16. Scanning Electron-Micrographs of 
an S1168 Fracture Surface After Stress-Corrosion in 
Boiling 3N Ca(NO.)9.
2 ^ contd...
12.14.
x770
12.15.
x2700
12.16.
x1500
17 mins 2 0  mins
no de flec tion  loading rod (deflect ion
(induction  period ) <0*1" x |0"3
run 1 run 2
T1
Q
X
= 2 0
c 
O
4->
o
s—
a
t j  10r o 
c C
CT)
c
-a 
o o 
_1
O
iyn.3
20  25
Time,mins
3 0
27 mins
FIG12.17A STRESS-C0RRC6I0N FRACTURE SEQUENCE 
MONITORED BY CLOCK GAUGE.
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FIG12.1 8 CORRELATION BETWEEN ELECTRODE POTENTIAL
AND SPAN REDUCTION FOR SI168 STRESS-CORRODING 
IN 5N 2 0 N Ca(Nq3)2 / NH4 N0 3  AT 92°C .
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FIG. 12.19. STRAIN OF SI 168 & HIGH PURITY IRON 
BASED ALLOYS UNDER S.C.C. TESTING 
CONDITIONS IN GLYCEROL AT I05°C
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Figures 12.20.-12.22. Scanning Electron-Micrographs 
of a Resistant Fe/IMn Specimen After 27,993 Minutes 
Immersion in a S.C.C. Test in Boiling 5N 20:1 
Ca(N03)2/NH^ N03.
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FIG. 13. 1. SCHEMATIC REPRESENTATION OF THE SII68 
SCC. SEQUENCE IN Ca(NC^)2/NaN03 AND 
NH4NO3 ( boiling solutions).
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FIG. 13.2. VARIATIO N OF Tf & SCATTER of SII6 8 .& 
CORROSION WITH. Ca“  REPLACEMENT BY NH4  
IN  5N NITRATE SOLUTION /  BOILING AT I05°C
x-T -pH  adjusted to 0-6 by 
0-5ml/L HNOo (= chan< 
norm ality of ■ 0-008N )'
A-T^- pH adjusted to 0  6  by 
5ml HN0 3 <= change in 
norm ality of 0-079N )
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FIG. 13.3. THE EFFECT OF N IT R A T E  C O N C E N TR ATIO  
(& pH) ON THE S.C.C BEHAVIOUR OF S II 6 8  IN 
CalNOj^"
FIG.13.4. EFFECT OF NITRATE ION CONCENTRATI ON 
ON CRACK PROPAGATION RATE.
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FIG 13.5. EFFECT OF ENVIRONMENTAL TEMPERATURE 
ON THE S.C.C. BEHAVIOUR OF SI 168 IN 
ION Ca(N03)2 .
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Figures 13.9.-13.13. Polished and Etched Sections 
of S1168 After Stressed Immersion in ION Ca(NO~)p 
at Several Applied Potentials. **
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Figures 13.14-13.16. Scanning Electron-Micrographs 
Shewing the Nature of Attack on Stressed Sll6$ 
in Boiling 5N 20:1 Ca(N0,)„/NH, NO, After Anodic 
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FIG. 13.17. EFFECT OF CATHODIC POLAR I SAT i ON 
ON STRESS-CORROSION CRACK PROPAGATION OF 
SI 168 IN 5N Ca(N03 )2  , 92°C.
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Figures 13.15.-13.19. Scanning Electron- 
of the Surface of Tempered Fe/IMn After 
Polarisation Under Stress at OmV for 35 
in 5N 20:1 Ca(N03)2/NH4N0- at 92°C.
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Figures 13.21.-13.24. Scanning Electron-Micrographs 
of the S1168 Fracture Surface After Anodic Polarisation 
Under Stress at OmV Until Failure m  5N 20:1 Ca(N0~)9/ 
NH4N03 at 92 C. > *
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POTENTIAL-TIME CURVES FOR "IMMUNE" AND 
SUSCEPT IBLE MATER IALS IN 5N 201 CatNC^^N1 - ^ 0 3
o
i
i
i
10
Time . mins
t2 = 15-0 ( t3 = 44-0 , t4  = 1100
k2 -83 -0  ; k3 =33-2 , k4 -9 7 4  , k5 = 29-9
FIG 14.3. P O TE N TIA L-T IM E  CURVE FOR 
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FIG 14.7. EFFECT OF NO3-  REPLACEMENT BY NO£ 
IN BOILING No* SOLUTIONS ON THE 
INDUCTION PERIOD AND ON SUBSEQUENT 
CRACK PROPAGATION RATE IN SII6 8 .
fmf
mins
i 20 
T -(X+Y) mins
30 T
" W  see behaviour in several uninterrupted tests j
' • , ! 
X —  Fferiod prior to cathodic polarisation
Y -- Period to failure after polarisation j.
A — Blank specimen used for X " 0  i
. ( Tf = X+-Y.)
FIG 14.8. THE EFFECT OF INTERMITTENT APPLIED 
CATHODIC POTENTIAL (- 0-8V s.c.ej O N  T H E  
SUBSEQUENT S.C.C. BEHAVIOUR OF Si 168
V 5N 20;l CatNC^/NH 4 N O 3 ,92°C
l
14.9.
x120
14.10 
x1200
Figures 14.9.-14.10. Scanning Electron-Micrographs 
of Resistant Fe/1I1n, Immersed Unstressed in Boiling 
5N Ca(N0^)2 for 900 Hours, then Bent.
14.11.
x1200
14.12.
X1050
14.13.
x500
Figures 14.11.-14.13- Scanning Electron-Micrographs
of S1168, Immersed Unstressed in Boiling
5N 20:1 CaCNO^^/M^UO^ for Various Times, then Bent.
14.14.
x120
14.15.
x240
14.16.
x600
Figures 14.14.-14.16. Scanning Electron-Micrographs
of an Fe/1Cr Specimen After 500 hours Stressed
Immersion in Boiling 5N Ca(N0,)o .
5 4
14.17.
x500
Figure 14.17* Scanning Electron-Micrograph 
of an Fe/1Cr Specimen Removed After 200 minutes 
Stressed Immersion in Boiling 5N 20:1 CaCNO^)^/ 
N H N O ^ , then Slightly Bent.
14.18 14.19*
x800 x800
14.20. 14.21.
x800 x1600
Figures 14.18.-14.21. Scanning Electron-Micrographs 
of Susceptible and .Resistant Fe/1Mn Specimens 
Removed After 200 Minutes Stressed Immersion in 
Boiling 5R 20:1 CaCEO^^/NH NO^.
14.24.
x1300
14.25.
x1250
Figures 14.22.-14.25. Scanning Electron-Micrographs 
of Resistant Fe/1Mn, Slightly Bent After Failure in 
SoC.C. Tests in Boiling 5N 20:1 Ca(N0 ^/NH^NO^.
14.26.
x660
14.27
x1100
Figures 14.26.-14.27* Scanning Electron-Micrographs 
of S1168 Specimens Removed From S.C.C. Tests 
After the First Indication of Yielding.
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FIG 14.28. DECAY OF ANODIC CURRENT WITH
TIM E  AT VARIOUS APPLIED POTENTIALS 
AND THE EFFECT OF S TR A IN IN G . V 
SI 168 5N 2 0 :l Ca(Nq3)2 /NH4 N03 92°C
2Q0mV see
3  1 0
90 13070
Time . mins
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FIG 14.29. CHANGE OF CURRENT DENSITY 
WITH T IM E  UNDER CONSTANT 
A PPL I ED POT E N T IA L . EFFECT OF STRAINING
5N 20 'I Ca(NC^)2 /NH 4 N03
Figure 15.1. Schematic 
Representation of.Initially 
Adsorbed Species in Production 
of the Passivating Film,
Figure Reaction
of Electrode Potential 
to Exposure of Fresh 
Metal in a S.C.CU Crack 
For Various Ratios of
-(c) K02": NO
(a)= 5K NaNOp
(b)= 3N NaN03+2N NaN02
(c)» 5N NaNO,
[(IOO)Fe3 04 //(IOO)cx-Fe]
Figure 15*3» The Epitaxial Growth of a Perfect 
Lattice of Fe^O^ on the (100) Plane of a-Fe.
a
Figure 15*5* Schematic Representation of the 
cRegion of High Stress Intensity at a crack Tip, 
Yielding Occurring in the Shaded Region as a 
Result of a Surface Tensile Stress. (After 
McClintock and Irwin.(208)).
Lo
g/0
 
C
on
cn 
N
itr
ite
 
Io
ns
5N
4N
3N
2N
Protection
Corrosion
[2 3 45N]
Log^Conc0 N itra te  Ions
Figure 15*4* "Tolerance'1 of Sodium Nitrite Towards Sodium, 
Nitrate in the Inhibition of Mild Steel 
Above 90°C; Modified For Various Ratios of 
N02~: in a 5N Solution from the Results
of Mercer et alv(2°4)e
APPENDIX L .
TABLES
TABLE 1.1.
Ferrous and Non-Ferrous S.C.C. Systems
Alloy Specific S.C.C. Environment 
and Direction of Crack Path
Aluminium-Bas e 
Magnesium-Base
Copper-Base
Nickel-Base
Austenitic Stainless 
Steels
Iron and Mild Steel
NaCl + HpOo; sea-water 
(intergranular).
NaCl + KpCrCL ; NaCl + H_0o;
HNO*; NaOH; HF;coastal2 * 
atmosphere (generally trans- 
granular sometimes inter- 
granular) .
NH., vapours; FeCl-,. 
(transgranular). ^
NaOH; KOH: fused NaOH; HP 
acid vapour; NaCl. (intergranular, 
transgranular).
CaClp; MgClp. (transgranular)
Hot nitrates; hot 
hydroxides- generally with 
oxidising additions.
(intergranular)
Anhydrous NH_; CO/COp + 
moisture;HC$F (transgranular)
TABLE 8.1.
Analyses of the Materials Used in the 
Investigation
Material
S1168 R.T.B. R.T.B. R. T.B*
Fe , Fe/1Mn Fe/1Cr
%C 0.002 <0.001 <0.001 <0.001
<0.003 <0.001 <0.001 <0.001
% 0 <0.05 <0.002 < 0 * 0 0 2 <0.002
%Si - <0.003 0.003 0.001
% S - 0.003 0.003 0.003
°/oP - <0.001 <0.001 <0.001
% W n <0.01 <0.0003 1.02 0.003
°/oC? <0.01 - - 0.96
YoA l - 0.001 0.003 0.002
TABLE 8.2.
Some Nitrate Environments Which 
have been used in Low Carbon 
Steel S.C.C. Research
Concentration of Constituents 
(aqueous solutions)
Reference
Ca(NO )2.4-H20 
118.1g/l=1N
NH^NO
80.1g/l=1N
Other
8N - - 132
6N — - 33
60% - 81
55% - - 14
4-5%& 5N - - 13
8H 100g/l ~ 34
6 0% 3% — 11,40,
80,70,
74.
860g/l 30g/l - 22
1800g/l 100g/l - 134
51 % 2.3% - 90
36% 3% - 90
360g/l 30g/l - 33
57% 6% - 90
- 2 0% 13
- - 33% KITO^ 81
30% NaNO, 
with  ^
additives
96
TABLE 9.1.
Comparison of the Tensile Properties 
of the Materials Used in the 
Investigation.
Material Yield Point, 
p.s.i.xlCr*-
UTS 
p. s. i.xlO^
%
Elongation
S1168 
WQ 9 5 0 0c + 
30 minutes 
530°C
2.59
2.54
3.90
3.C7
23
24
Fe/lMn 
WQ 950°C+ 
1 hour 
700°C
1.72
1.72
3.45
3.46
32.8
29.4
Fe/lMn 1.95
3.52 28.1
WQ 950°C
1.35 28.13.49
■ -
2.04 3.43 26.3
Fe/lCr
WQ 950°C
-...- - - ....-
2.00 3.40 27
Standard S.C.C. Specimens in Pickled Condition.
TABLE 9.2.
Average Grain Dimensions of S.C.C, 
Specimens After Standard Specimen 
Preparation Treatments.
Material
and
Heat-Treatment.
Average Linear Dimensions 
of Grains (millimetres) 
(Six Counts on Three 
Specimens. )
Parallel to 
Width 
of specimen
Parallel to 
Length 
of specimen
S1168, WQ 950°C+30.
Minutes 530 C 0 .1 8 0.13
Fe/lMn,WQ 950°C or 
Tempered 1 
Hour 700°C
0.06 0.04
Fe/lCr,WQ 950°C
0.08 0.05
TABLE 10.1.
The Effect of Several Surface Treatments on the 
S.C.C. Behaviour of E.T.B. Ee/INi(WQ 950°C)in 
Boiling 60% Ca(NO )2 + 3 %
Surface Treatment Prior 
to S.C.C* Testing
Scatter of 
minutes 
(Number of 
tests in 
brackets).
TJ-£ 9
•
Mean Tf, 
minutes
As-quenched (with thin 
grey oxide cover). 10-76 (7) 24.3
Quenched, then abraded 
on 360 paper. 61-7038 (5) 2781
Quenched, then pickled 
A minutes in 3% HC1 + 
restrainer at 95 °C.
33-41 (5) 39
Pickled, then abraded 
on 360 paper.
32-1870 (5) 736
Electropolished in 
70% CH-,C00H + 20% HClOy, 
+ 10% ^Glycerol, 30mV.
30-46 (3) 38
TABLE 10.2.
The Effect of Several Heat Treatments 
and Pre-Immersion Bending Strains on 
the S.C.C. Behaviour of S1168 in Boiling 
4-.66W Ca(H0^)2 + 0.34-N MH^ NO^ .
Heat Treatment Mean Tp, minutes, with scatter from 
at least 3 results, for a V-Bend 
Span of
• 11A " 15/16" 13/8"
WQ 950°C 2 4(19-3 0) 30(25-36) 46(38-56)
WQ 950°C + 
i  hour 250°C - 16( 7-19) -
WQ 950°C + 
i  hour 530°C 11( 9-13) 14.5(11-18) 18(14-20)
TABLE 11.1.
The Corrosion of Pairs of S1168 and R.T.B. 
Iron-Based Alloys After Immersion for 
Various Times in Boiling 5W CaCNO^^*
Material Immersion
Time,
Minutes.
Weight Loss, 
mg.
Corrosiog,
mg/cm
S1168 80 0.5, 0.7 0.164 0.189
1053 3.1, 3-6 0.711 0.867
5980 5.8, 6.1 1.417 1.472
11313 6.8, 6.8 1.640 1.640
Fe/1Mn, 
WQ 950°C
80
1053
0.5,
3.3,
0.6
3-5
0.122
0.793
0.143
0.828
5980 5.5, 5-6 1.346 1.363
11513 5.8, 6.9 1.361 1.620
Ee/1Mn,
WQ 950°C + 
1 hr 700°C
80
1053
5980
0.6,
2.5,
5.7,
0.6
3-0
5o8
0.181
0.593
1-396
0.192
0.699
1.405
11313 6.4, 6.7 1.540 1.610
Fe/1Cr, 
WQ 950°C
80
1053
0.3,
3.3,
0.7
3.6
0.069
0.733
0.158
0.758
5980 5.1, 5-0 1.240 1.226
11313 5-7? 6.1 1.263 1.401
TABLE 11.2.
The Effect of Immersion for 20 Hours 
in Various Boiling Nitrate Environ­
ments on the Subsequent Tensile 
Properties of S1168 S.C.C. Specimens
Environment
After
Pickling
Yield Point, 
p.s.i x 10
uts . :
p.s.i x 10
Glycerol
105°C
2.44 3.90 23.2
5N NaNO^ 2.36 3.81 25.0
5N
Ca(N05)2
2.46 3.8? 26.1
5N
NH.N0-, 4 3 1.60 2.32 12.7
5N 20:1 
Ca(N03)2/
nh4n o3
2.32 3.63 25.9
TABLE 12.1.
Dial Gauge Monitoring of a S.C.C. Test: 
S1168 in 5N 20:1 C a C N O ^ / ^ N O ^  at 92°C. 
(Three-Point Loading)
Time After 
Immersion, 
Minutes- 
Seconds
Deflection^ 
Inches x 10 ^
Time After 
Immersion, 
Minutes- 
Seconds
Deflection 
Inches x 10 ^
RUN 3 • RUN 5
Up to 22 0.00 Up to 17 0.00
23 0 :5 0 17.20 0.4-0
• 23.30 0 .7 0 18 0.4-5
24- 0 .9 0 19.30 0.70
24-. 10 3.4-0 20 0.75
24-. 30 3.4-2 20.30 0.90
25 3.4-5 • 21 1.00
25.10 3.30 2 1 .5 0 1.10
25.30 3.60 22 1.20
26 3.70 22.30 1.50
26.30 4-.00 23 1.65
27 8.60 24- 2.05
25 2.30
RUN 4- 26 2.50
Up to 20 0.00 26.30 2.60
21 0 :0 5 27 2.75
22 0.’80 28 3.4-0
2 2 .3 0 1.00 29 4-.05
23 1.33 29.20 4-.85
23.30 1.70 29.30 5.15
24- 2.05 30 5.65
24-.10 4-.60 30.10 8.75
24-. 30 4-.75 30.30 8.85
25 4-.’85 31 8.90
25.30 5.05 31.30 8.95
26 5.35 31.35 13.25
26.15 7.35 32 13.50
26.30 7-36 32.20 22.4-5
27 7.4-0 32.30 24-. 05
27.30 8.10 32.55 24-. 95
28 8.4-0 33.15 4-4-. 25
28.30 13.35 33.30 4-4-. 55
29 13.50 33.4-5 66.15
29.13 14-. 30 34- 66.25
29.30 i4-:4-5 34-. 30 113.75
30 24-. 10 35.30 121.20
30.30 24-. 10 36 124-. 65
31 24-.4-0
31.10 26.10
31.30 26.15
32 26.60
32.04-
.......... .......... ........... —........
4-9 .0 0
TABLE 12.2.
Dial Gauge Monitoring of a S.G.C. ’Test: 
S1168 in 5N Ca(NO^)2 at 92°C.
(Three-Point Loading)
Time After 
Immersion, 
Minutes-Seconds.
Deflection** 
Inches x10 ^
Change in 
Deflection 
Between Readings
0--4-8 O' -
50 0.5 0.5
51 0.55 0.05
52 0.6 0.05
52 30 0.7 0.1
53 0J8 0.1
53 30 0.95 0.15
54- 1.0 0.05
54- 30 1 .1 0.1
55 1.3 0.2
55 30 1.5 0.2
56 1 :6 0.1
56 30 1 .’8 0.2
57 1^9 0.1
57 30 2.0 0.1
58 2.4- 0.3
58 30 2.8 0.4-
59 3.0 0.2
59 30 3.4- 0.4-
60 3.55 0.15
60 30 3.85 0.3
61 4.2 0.35
61 30 4-o 5 0.3
62 4-.95 0.4-5
62 15 5.1 0.15
62 30 5.25 0.15
63 5.55 0.3
63 30 9.6 4-.05
64- 9.7 0.1
64- 30 9.9 0.2
65 10.05 0.15
65 30 19.80 9.75
66 19.85 0.05
66 30 20.00 0.15
67 20.10 0.1
67 30 20.4-5 0.35
68 36.95 16.50
68 30 37.60 0.65
69 39.05 1.4-5
69 30 39.4-0 0.35
70 4-2 :7 0 0.20
70 30 4-3-4-0 0.70
71 58.60 15.20
71 30 58.75 0.15
72 59:05 0.30
72 30 93.10 34.05
TABLE 12.3
Strain of S1168 and High Purity Iron-Based 
Alloys Under S.C.C. Testing Conditions in 
Glycerol at' 105°C.
(three-point loading)
S1168 Tempered Fe/lMn
Time
Minutes
Deflection,
mm.
Time
Minutes
Deflection,
mm.
0
118
1300
7000
9000
17000
20000
28100
0.000
0.003
0.016
0e040
0.042
0.046
0.050
0.052
0
190
920
3300
6500
20800
0.000
0.005
0.013
0.0195
0.0285
0.037
As-Quenched Fe/lMn Fe/lCr
Time
Minutes
Deflection,
mm
Time
Minutes
Deflection,
mm
1279
1497
27X0
3963
8290
12640
0.009
0.010
0.014
0.015
0.023
0.026
164
900
4310
9000
21000
0.001
0 .0 0 6 5
0 .0 0 9
0.013
0.016
TABLE 12.4.
Comparison of the Susceptibilities to 
S.C.C. Under Standard Environmental 
Conditions of High Purity Irons and 
Iron-Based Alloys.
Material S.C.C. Behaviour. 
Mean T„ and 
S catter,minutes. 
(Based on 3-4 
Results).
Manipulation of 
S.C.C.Behaviour.
S1168
14*5(11-16)*
9(7-12)+
Susceptibility 
varies slightly 
with tempering 
time and temper­
ature . Cannot 
be made immune by 
heat treatment.
R.T.B.Fe, 
WQ 950°C. 60(46-78)+(ll)
Susceptibility 
varies only 
slightly with temp­
ering time and 
temperature (11),
Fe/lNi, 
WQ 9|06c 48(42-54)+(11)
Susceptibility does 
not vary with temp­
ering time and 
temperature. Cannot 
be made immune by 
heat treatment(11).
Fe/lMn,
WQ 950°C+
1 hour700°C
480(420-540)+(11) 
230(198-243)*
Exhibits a T« 
inversion with 
increasing temp­
ering temperature 
or time at temp­
erature . Tempering 
1 hour at 700°C 
induces most susc­
eptible state (ll).
Fe/lMn, 
WQ 950°C
No cracking up tc 
200 hours (ll)
1570S(13S06-2S504)*
Fe/lCr. 
WQ 950°C
No cracking up tc 
400 hours*
No cracking up tc 
200 hours (11)
Cannot be made 
susceptible by 
heat treatment(11).
— — — r— w— mA—mmmmm— i m m m — mmmmmmmmmtmm—m— — mm — — — — — — m **}
* S.c.c. test in boiling 4.66NCa(N0^)2 + 0.34^ NH^NO^
+ S.c.c. test in boiling 6C$ CaCNO^)^ + 3% NH^NO^ (lif?span)
TABLE 13.1.
The Effect of the Cation in 5N Nitrate 
Solutions on the S.C.C. Behaviour of S1168
Boiling 
5N Solutions
Ca(N05)2 NaEO,
0
NH. NO* 
4 3
Mean Tf from
eight
results.
35 29 103
Standard
Deviation,#. 14 13 2.6
TABLE 13.2.
The Effect of Ca++ Ion Replacement by NH^+ in 
Boiling 5N Nitrate Solutions on General Corrosion 
and S.C.C. in S1168.
Normalities of 
Solution 
Constituents
Initial
pH
(20°C).
Scatter 
in T„ 
Minutes 
(Number 
of tests 
in
brackets)
Arith­
metic 
Mean T-, 
(Minut­
es) .
mean 
weight 
change, 
mg/cm (4 
Specimens)Ca(N03)2 NIL NO ^ 4 o
5 0 3.0 18-37 (8) 35 + 5*2
4.9 0.1 - 13-28 (6) 23. +18.1
4.66 0.34 2.6 11-18 (7) 14,5 +17-9
4 1 2,9 11-25 (8) 17.5 +10.2
3 2 3.7 15-33 (8) 22 + 2.4
2 3 4.3 24-42 (8) 32 - 6.8
1 4 4,7 43-68 (8) 55.5 -16.0
0 3 4.9 96-107(8) 103 -46.5
TABLE 13.5,
The Influence of Nitrate Ion Concentration 
on,the S.C.C. Behaviour of S1168 in Boiling
Ca(N03)2
Normality 
of Ca(N05)2
Boiling Pt, 
°C
(Initial 
pH, 20°C)
Mean Tf and 
scatter 
(4— 6 Results)
0.2 100.5 5.9 (3607->25,000)
0.4- 100,8 5.3 (1137-1 7 ,5 0 8) 4 359
N 101 5-1 (344-3806) 891
2 102 4-.5 (115-1195).265
2 102 0.6 (64-79) 71.5*
4- 104-. 3-2 (60-252) 88
6 106.5 2.4- (27-51) 35
6 106.5 0.6 (15-26) 20
8 110 2.1 (14-26) 21
10 114-0 5 1.7 (9-12) 11
12 122.5 1-3 (8-15) 10.5
14- 130 - (8-13) 11
* Failure by general thinning.
TABLE 13.it.
The Effect of Environmental Temperature 
on the S.C.C. Behaviour of S1168 in 
ION Ca(N03)2.
Temper-
a S£ r e ’
l/K x 10”3 mins Temper­
ature ,
°c
...
l/K x 10“3 T -  mins
20 3*41 11946 63 2.98 480
20 3.41 17108 65.5 2.96 186
20 3.41 25000 68 2.93 221
20 3.41 25000 ?! ri 837
29 3.30 4035 69.5 2.91 354 ;
?? 4233 71.5 2.90 240
30 3.29 8130 75 2.87 238
35 3.25 2282 78 2.85 168
3B. 5 3.21 2367 81.5 2.82 156
43.5 3.19 3846 82 2,81 249
46 3.13 900 f! t; 120
4a. 5 3.11 1020 82.5 2.80 117
50 3.09 737 83 2.79 78
?? ?? 741 85.5 2.78 141
51 3.08 1032 88.5 2.77 175
52 3.07 718 89.5 2.76 156
53 3.07 531 90 2.75 97
?? ?! 866 92 2.74 60
?? !! 1560 93 2.73 37
53.5 3.06 852 94.5 2.72 60
57 3.03 1194 97.5 2.70 66
5 a . 5 3.02 625 101 2.67 30
60 3.00 338 101.5 2.67 17
?? ?! 845 104.5 2.65 13.5
61 2.99 414 105 2.65 60
?? !? 711 114.5 2.58 9 ;9.5 
12; 13
TABLE 15.5
The Effect of Applied Potential on Stressed 
S1168 in 10j>T Ca(N03 ) 2 at 9 2 °C.
----------  ---
Applied 
Potential, 
m V .
Steady State 2 
Current Density pA/cm
T^, Minutes
-600 cathodic >6000
-5 0 0 cathodie >6000
-400 cathodic >6000
-585 0 -
-550 - 589
-2 5 0 1 x 104 20
-1 5 0 - 9
0 6 x 10^ 4o5
+200 9 x 104 4-.5
+400 7 x 104- 7
+600 1 .5  x 10^ 17
+700 (9.2 x 10 - 2.4 x 102) ( 2 9 - 80)
+760 ( 1 .2 ) - ( 7  x 1 0) (56 - 130)
+900 - (148 - 301)
+1000 ( 0.5) - (1.3 x 1 0) (248 - 460)
+1100 ( 1.7) - (2.3 x 1 0) (331 - 7 0 2)
+1200 (0.53) - ( 3  x 1 0) (182 - 663)
+1500 9.8 298
+1550 7.3 542
+1450 1 .1 x 1 0? >6000
+1700 - >6000
+1800 — >6000
TABLE 1 3 . 6 .
Crack Propagation in Stressed S1168 and 
Fe/1Mn Under Potentiostatically-Induced 
Anodic Currents.
(Two-Point Loading).
Time, 
Minutes 
Seconds
Deflec- 
- tion, mm.
. (Span red­
uction)
Time,
Minutes*
Seconds
Deflec- 
- tion, mm* 
(Span re­
duction)
Time, 
Minute s- 
Seconds
Deflec- 
- tion, mm. 
. (Span re­
duction)
RIM A RIM C RIM D
0 30 0 0 0 0 0
1 13 0.019 17 30 0.005 21 10 0.006
1 4-3 0.024 20 0:012 21 30 0.010
2 0.029 21 0.020 22 0.021
3 0.051 22 0.034 23 0.261
4 0.095 23 0.044 23 15 0.290
4 30 0 .1 3 0 24 0.075 23 30 0.305
3 0.175 24 30 0.234 23 45 0.315
5 30 0.240 25 0.514- 24 0.321
5 4-3 0.295 25 15 0.584 24 30 0.329
6 0.332 25 30 0.614 25 0.335
6 30 0.540 26 0.642 25 30 0.340
6 4-3 0.74-0 26 30 0.674 26 0.342
7 13 1 .0 9 0 27 0.744 26 30 0.346
7 4-3 1.3^0 27 30 0.939 27 0.350
8 1.580 28 1.074 27 30 0.355
8 30 1.970 28 30 1:145 28 0.370
9 2.420 29 1.186 29 0.600
29 30 1.222 30 0.635
RIM B* 30 1.304 31 0.641
0 0 30 30 1.399 32 0.647
4 4-3 0.006 31 1.488 33 0.652
5 0.008 31 30 1:534 34 0.660
5 30 0.014 32 1.554 36 0.686
6 0.020 32 30 1.584 38 0.727
6 30 0.027 33 1.634 40 0.786
7 0.035 33 30 1.689 46 0.939
8 0.056 34 1.714 48 0.974
9 0.106
9 30
10 4-3
11
11 30
0.291
0.54-0
0.581
0.655
*RIM B: yielding due to both minor 
cracking and general thinning
Key: *
EUR A. Fe, OmV (2-3 x10 A) .
EUR B. Fe/1Mn, WQ 950°C, OmV (2-4- x10"'a )
EUR C. Fe/1Mn, WQ 950°C + 1 hour 700°C, + 15mV
(2-3 x10" A)
EUR D. Fe/1Mn, WQ 9502C + 1 hour 700°C, -lOOmV
(5 x 10 - 10" A).
TABLE 13.7.
The Effect of Foreign Ion Additions to 
a Nitrate Solution on the S.C.C. 
Behaviour of S1168.
Addition Mean T« and Scatter .Minutes, 
(4-5 Results]
10g/l 50g/l 100g/l other
None
K2Cr2°7
KMnO.
(n h2)2co
NaH2P0^2i^0
C^H^COONa
NaCl
Na2C03
NaOH
NaN02
(21-68)41*
(19-3 J) 27
(99-138)
123
(829-3895) 
2248 
(120-2701)
(87-183)97
(78-127)
100
(22-118)61
(20-24)21
(48-5
(33-53)46
(22-41)33
(43-122)
84
(7980-9789)
8894
(12-42)29
4)50
(21-61)43
(39-117)77
(70-156)102
(263-3811)
1362;25g/l
Additions were made as solid chemicals to 1 litre of 
the 3N nitrate solution. The maximum effect on the 
boiling point = 2°C by lOOg/l.
TABLE 13.3.
The Effect of N0^~ Ion Replacement by 
Cl" in Boiling 5N Ca++ and 
Solutions on the S.C.C. Behaviour of 
S1168
Cation Normality of 
Nitrate
Normality of 
Chloride
Mean T« and 
Scatter,
Minutes.(At 
Least 4 Results]
5.0 0.0 (18-57) 35
4.9 0.1 (31-45) 42
4.3 0.2 (47-173) 94
4.7 0.3 (144-171) 156 ,
4.5 0.5 (640-1314) 820
Ca++
4.4 0.6
4.0
3.0
2.0 
1.0 
0.0
1.0
2.0
3.0
4.0
5.0
no failures 
up to 43,000 
minutes. 
(approx. 1 
month).
5.0 0.0 (96-107) 103
4.3 0.2 (80-108) 105
4.6 0.4 *(88-117) 100
NH4+ 4.0 1.0 *(71-77) 74
3.0 2.0 *(52-59) 56
1.5 3.5 *(54-60) 57
0.0 5.0 *(135-195)170
* Failures due to general thinning by corrosion.
The Effect of.Oxygenation and De-Aeration 
on the S.C.C. Behaviour of.S1168 in
5N 20:1 Ca(tf0x)o/NH.N02 at 92°C.
5 ^ 4 3
Gas Flow Rate, 
Litres/minute.
Equivalent Gas 
Pressure Above 
Atmospheric, 
mm. Hg 
(No Charles 
Law correct­
ion) .
Mean minutes, 
from two results.
0.0 0.00 35
0.1 3.13 32
02 0.5 5.10 26
2.0 9.10 30
5.0 11.65 41
4.0 15*05 59
0.2 5.95 4?
N2 0.7 * 6.00 75
* Nitrogen bubbled through solution for 30 minutes 
prior to immersion.
TABLE 14.1.
The Effect of Pre-Immersion of Unstressed 
S1168 Specimens in Boiling 5N Nitrate 
Solutions on the Subsequent S.C.C. Behaviour
Solution For 
S.C.C. Test
Mean Tf , 
Minutes 9 
Without 
Pre-Immersion
Mean T~, 
Minutes, 
After Pre- 
Immersion. 
(At least 
three 
results).
Approx. %  
Reduction in 
T- due to 
f Pre­
treatment .
5N Ca(N05)2 35 33 a 7 a
12 b 66 b
5N 20:1
Ca(N0jo/NH, NO* 
0  4 4 o 14.5 12 c 17 c
9.5 d 30 d
16 e 0 e
5N NH4N03 105 11 b 89 b
88 a 15 a
a Pre-Immersion in 5N Ca(N0^)2 for 20 hours.
b Pre-Immersion in 5N NH^NO^ for 20 hours.
c Pre-Immersion in 5N 20:1 Ca{ N0~) 0/NH. NQ~
for 20 hours. >
d Pre-Immersion in 5N 20:1 Ca(N0-,)o/NH.N0_ for 
10 minutes. * 4 2
e Pre-Immersion in 5N 20:1 Ca(N0:?)o/NH.1N0:2 for
1 minute. 5 d  4 5
TABLE 14.2.
The Variation in Potential/Time Curve 
Parameters With Oxygen Pressure for 
S1168. in 5N 20:1 CaCKO^Jg/NH^NO^ at 92°C
Oxygen 
Pressure 
above 
Atmosph­
eric , 
mm Hg.
Minxes Mingtes
k^j
E/min E/min rt 
.
•HW 
i
0 1.7 9.5 58.8 127.4 39.8
3 1.4 7.9 42.0 156.8 29.9 .
3.1 2.1 10.5 53.3 155.0 58.1
7.4 - - 45.0 - 36.5
9.0 3.1 14.8 41.9 171.6 49.8
11.6 3.3 1 5 .0 55.3 176.0 79.7
14.9 3.3 21.0 42.0
'
186.0 56.5
t^ j, t g ,  k^ j, k^ ,, and k^ refer to the analysis of the 
E vs log t plot (see Figure 11.2.).
The Effect of NO ~ Ion Replacement by NO, 
in Boiling 5N Na* Solutions on the S.C.f
Behaviour o.f S1168
Normalities of 
Solution 
Constituents
Initial
pH
(20°C)
Scatter of 
T~, Hinutes 
(number of 
tests in 
brackets).
Mean T , 
Minutes.
NaNO
5
NaN02
5.0 0.0 6.9 18-46 (5) 29
4.5 0.5 - 11-19 (5) 15
4.0 1.0 8.5 10-15 (5) 15
5.0 2*0 8.6 57-57 (4) 46
2.5 2.5 — 21118,21106
21100,21095
*
2.0 5.0 — 21458,21455
21350,21469
*
1.0 4.0 8.7 20147,20168
20165,20155
*
0.0 5.0 8.7 21039,21033
2 1 0 2 7 ,2 1 0 2 1
*
* Specimens removed from the rigs uncracked 
at the quoted times.
TABLE 14.4.
The Effect of NO^ Ion Replacement by N02“ 
in Boiling 5N Na Solutions on the Induction 
Period and Subsequent Crack Propagation Rate 
of S1163
(Three-Point Loading Rig)
4N NaN03+ N NaN02 5N NaN0o 
j
3'N NaN03+ 2N NaN02
Time Deflection Time Deflection Time Deflection
Minutes-
Seconds. mm
Minutes-
Seconds mm
Minutes-
Seconds mm
0 0.000 0 0.000 0 0.000
5 30 0,003 20 30 0.003 31 30 0.005
7 0.023 25 30 0.014 42 0.010
9 0.043 27 30 0.045 54 0.020
10 0.065 29 0.110 65 JO 0.074
11 0.037 30 0.245 73 0.154
12 0.151 32 0.635 76 0.356
13 30 0 . 5 7 3
15 1.3*5
TABLE 14. 5.
The Effect of Intermittently Applied 
Cathodic Potential on the Subsequent 
S.C.C. Behaviour of S1168 in 
5N 20:1 Ca(N05)2/NH^N05.
(Period of Cathodic Polarisation = 30 Minutes)
Period After 
Immersion prior 
to Cathodic 
Polarisation(X), 
Minutes.
Period After 
Cathodic 
Polarisation(Y), 
up to Failure, 
Minutes. •
Net change 
in overall life, 
T~ due to polar­
isation 
(= V  - (X+T))
0* 21 +14
0 38 -3
3 34 -2
4 36 -5
5 15 +15
6 18 +11
10 16 +9
15 13 +7
20 11 +4
25 12 -2
29 8 -2
30.5 14 -9.5
32 10 -7
* Blank Specimens Used For X = 0 Minutes.
TABLE 14-oG.
The Change in Characteristics of the 
Potential/Time Curve of S1168 in 5R 20:1 
CaCNO^g/NH NO^ due to Intermittent 
Applied Cathodic Polarisation
Time (X) prior 
to cathodic 
polarisation, 
minutes.
Rise in 
Potential due 
to Cathodic 
Polarisation. 
(Measured 
Immediately on 
Switching out 
Potential) mV.
Potential 
raised to: 
mV.
Potential
at
Practure
mV*
0 - - -255
3 170 -24-8 -250
4- 163 -205 -2 7 0
5 130 -212 -2 3 0
6 100 -220 -277
10 63 -235 -24-0
15 35 -24-0 -280
20 4-0 -233 -285
25 30 -235 -270
29. 20 -268 -275
30.3 15 -265 -262
TABLE 14.7.
The Anodic Behaviour of S1168, Fe/1Mn, and 
Fe/1Cr on Straining after Prolonged Anodic 
Polarisation at Various Potentials.
Material Applied
Potential
mV.
Current on 
Bending,A.
p
Current Density,A/cm 
for Grain Boundary 
Area of:
6 % 8% 10%
S1168 -200 5.5 x 10-2 2.03 1.53 1,22
S1168 +900 4,0 x lO-4 0.15 0.11 0,089
Fe/1Mn -200 3.7 x 10“2 1.37 1 .0 3 0.82
S1168 +200 3.2 x 10~2 - —
Fe/1Cr -200 3.5 x 10“2 - -
.(CABLE ,15.1.
Oxide Film - Fracture Characteristics 
During S.C.C. Tests in Boiling 5N 
Nitrate Solution.
Material S.c.c. Test 
Immersion 
Time, Minutes.
Preferred 
Nature of 
Oxide 
Breakdown
S1168
(Tf m < 2 0
Minutes.)
10 g.b.
Fe/1Mh
tempered.
( SlButesT
200 g.b.
Fe/1Mn
as-quenched
200 g.b.
( Tfln > 1800 
Minutes •)
18000 normal to 
tensile 
direction 
and g.b.
Fe/1Cr 
( immune.)
200
18000
regularly 
spaced 
cracks no­
rmal to 
tensile 
direction
g.b. = grain boundary
TABLE 15.2.
Comparison of the Characteristics of 
Attack on S1168 in Isolated and Applied 
Anodic Potential Conditions.
(In Nitrates Other than NH NO*).
Comparison Isolated S.C.C. 
Tests
Tests Under Anodic 
Polarisation
; (i) unstressed 
specimens^
(ii) stressed 
specimens
(iii)induction 
period
(iv) appearance 
of
fracture 
surface .
1 no intergranular 
attack in any 
material
S1168 exhibited 
discontinuous 
yielding with 
alternate slow 
and rapid 
stages
T. occupied 
about 70% of
V
smooth crack 
faces, no 
marked river 
patterns. In 
transverse sec­
tions, cracks 
were wedge- 
shaped with 
pointed or near­
pointed tips.
.
at a given potential 
intergranular attack 
occurred to a degree 
directly proportional 
to the susceptibility 
in an isolated s.c.c. 
test; thus S1168 was 
embrittled, Fe/1Cr 
was not damaged to 
any extent, but 
brightened.
for a given current 
specimens cracked in 
a non-jerky fashion 
at a rate directly 
proportional to the 
susceptibility in an 
isolated s.c.c. test.
T^ was virtually 
eliminated.
similar to isolated 
s.c.c. fracture but 
crack faces smoother.
In transverse sections, 
cracks have a wider 
section and less- 
pointed tips.
